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CHAPTER I
INTRODUCTION

1.1

Preface
Corn earworm Helicoverpa zea (Boddie), (Lepidoptera: Noctuidae) is a widely

distributed and destructive pest of corn in the United States. It is a polyphagous pest, but
shows a definite preference for silking corn over most alternate host plants. Transgenic
corn plants producing Bacillus thuringiensis Berliner (Bt) toxins against lepidopteran
pests has been providing moderate to high (Burkness et al. 2001, Burkness et al. 2010)
control of this pest. However, the evolution of insect resistance to Bt toxins can
compromise the sustained efficiency of this technology. The widely used approach to
delay the evolution of insect resistance to transgenic crops is the high dose - structured
refuge strategy (Gould 1998), which requires the planting of non–Bt plants near the Bt
plants. Refuge plants free of any Bt toxins will produce non selected (susceptible)
individuals to mate with rare resistant individuals produced from the Bt field. All F1
heterozygous individuals resulting from such a cross will be killed by the high dose
expressed in the Bt plant, making the resistance allele functionally recessive (Tabashnik
et al. 2004).
Many studies have examined particular aspects of the refuge strategy including
size and location of the refuge plot (Caprio 2001, Sisterson et al. 2005), the extent of
cross pollination between Bt corn plants and non-Bt refuge plants at different distances
1

(Chilcutt and Tabashnik 2004, Salvia et al. 2008), and the spatial orientation of the
refuges (Burkness and Hutchison 2012). It is well known that pollen mediated Bt gene
flow to refuge corn plants from Bt plants can cause Bt toxin production in kernels of
cross-pollinated refuge plants (Chilcutt and Tabashnik 2004). However, there is a lack of
information about the impact of this pollen mediated gene flow and resulting Bt toxin
production in corn kernels on feeding damage, growth and development of H. zea. If
cross pollination from Bt plants affect the susceptible insect production potential of
refuge plants, then the deployment of a refuge strategy which results in high refuge
contamination through Bt cross-pollination (e.g. seed blend refuge strategy) will be less
desirable for insect resistance management of ear feeding lepidopteran pests, including H.
zea. Moreover, in Mississippi, the presence of volunteer corn in high densities after corn
harvest and occurrence of a long growing season for these plants make late season
volunteer plants a potential host plant for H. zea development. Little is known about the
effect of volunteer corn on the development of Bt resistance in H. zea. Earlier studies
revealed that Bt toxin levels in volunteer plants could be variable from plant to plant,
possibly due to low soil nitrogen levels and moisture availability (Krupke et al. 2009).
Helicoverpa zea larvae feeding on such plants may be exposed to suboptimal toxin doses
that could select for Bt resistance. Our research is aimed to address these issues.
1.2
1.2.1

Literature review
Field corn and U.S. agriculture
Corn Zea mays, has been cultivated as an important food crop in the Americas

from prehistoric times. Most botanists (Iltis 1983, Goodman and Galinat 1988, Wilkes
2004) consider that corn evolved from teosinte, an annual fodder grass extensively grown
2

in Mexico. By 1492, when Columbus reached Cuba, native farmers from Canada to Chile
were growing their own improved corn varieties (Ripusudan et al. 2000), mostly in
cleared forests following the slash and burn cultivation system (Wilkes 2004). ‘‘The
present corn belt in United States that replaced the tall grassland of the mid central
United States is a relatively recent development, where a corn producing region
developed its own landrace, Corn Belt dent’’ (Wilkes 2004).
During the early years of commercial cultivation, corn productivity was severely
limited by various factors of cultivation, especially the less productive varieties and poor
cultivation practices (Fig. 1.1). Up to the 1930s, open pollinated varieties dominated the
US corn landscape (Fig. 1.1) and their average productivity was around 1594 kg/ha (26
bushel/acre). Beginning in the 1920’s, researchers began to develop hybrid corn with
higher productivity that allowed for greater production (Smith et al. 2004). By 1950,
almost 100% of corn acreage in the United States was planted with double cross hybrids
and corn productivity increased to 2428 kg/ha (38.2 bushel per acre). Around 1970,
cultivation shifted to single cross hybrids and productivity reached 5460 kg/ha (85.9
bu/acre) (USDA-ERS 2012). With the introduction of Bt corn hybrids in 1996,
productivity has increased considerably over the last decade and reached 10,468 kg/ha
(164.7 bu/acre) in the 2009-10 cropping season.

3

Figure 1.1

Average corn yield in the United States from 1865 to 2004.

Average corn yield (kg/ha) influenced by cultural practices and breeding method in the
United States. Graph adapted from Troyer (2006).
The Federal Agricultural Improvement and Reform Act of 1996 led to a
significant increase in US corn acreage from 24 million planted hectares in 1983 to 31.6
million planted hectares in 2000 (USDA-ERS 2012). The last decade witnessed an
additional increase in corn acreage in the United States (Fig. 1.2). This is mainly due to
the increase in corn prices which encouraged farmers to adjust crop rotations to increase
the acreage planted with corn (USDA-ERS 2012). The growth in corn acreage and
productivity is also reflected by an increase in production (Fig.1.3).
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Figure 1.2

United States corn acreage from 1926 to 2012.

United States corn acreage (million hectares) from 1926 to 2012. Data from USDANASS (2011).

Figure 1.3

Unites States corn production from 1918 to 2012.

Unites States corn production (million metric tons) from 1918 to 2012. Data from USDANASS (2011).
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1.2.2

Field corn production in the mid–South
During the last 20 years there has been a considerable increase in corn yield in

most of the mid-Southern states. In Mississippi, one of the major corn producing states of
the mid-South, corn yields have more than doubled during the last 20 years and yields
continue to grow at a faster rate than any other commercial crop grown in the region
(Anonymous 2011). There was a shift towards earlier corn planting dates throughout
most of the USA during past decades (Bruns and Abbas 2006, Kucharik 2006), and a
similar trend was observed in the mid-South region. The median corn planting date
shifted from early May during the 1970s, to early April presently (Bruns and Abbas
2006). This shift towards an earlier planting date has created a longer growing period for
late season volunteer corn due to an earlier corn harvest. This long growing period,
coupled with the widespread adoption of Bt corn has caused concern regarding the
potential development of Bt resistance in pests like H. zea that feed on volunteer corn
expressing suboptimal levels of toxins.
1.2.3
1.2.3.1

Field corn
Biology
Field corn is a determinate, monoecious annual C4 grass that belongs to the family

Poaceae. Female and male inflorescence, ears and tassels, respectively, are produced on
different parts of the same plant. Corn shows high levels of cross-pollination. Under field
conditions more than 95% of seeds are the result of cross-fertilization (Purseglove 1972).
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1.2.3.2

Growth stages of corn plant
Most crop management decisions are based on the growth stage of the plant. To

make accurate decisions, it is critical to know the various developmental stages of corn.
Table 1.1 lists the various developmental stages of corn and its description (Ritchie et al.
1989).
Table 1.1

Corn growth stages

Stage

Name of the growth
stage

Short growth stage description

VE

Emergence

V(n)

‘n’th leaf collar

Coleoptile reaches soil surface and leaves start
developing
Plant with ‘n’th number of visible leaf collars

VT/R

Tasseling stage

Last branches of tassels are visible

R1

Silking stage

Begins when any silk is visible outside the husk

R2

Blister stage

Kernels are white with blister like shape

R3

Milk stage

Kernels are yellow in color with milky white fluid inside

R4

Dough stage

Endosperm fluid reaches a pasty consistence

R5

Dent stage

Hard white layer of starch accumulation start to extend
towards base, kernel began to dry

R6

Physiological
maturity

All kernels attained maximum dry weight

1.2.4
1.2.4.1

Corn earworm
Taxonomic history
Helicoverpa zea is a well-studied pest of agricultural crops. Kogan et al. (1978)

listed more than 5000 citations related to the Heliothine complex. Depending on the host
plant on which it is found, it is known as the corn earworm, bollworm, tomato fruitworm,
sorghum headworm or soybean podworm. Helicoverpa zea (name first used in 1955) has
7

a complex taxonomic history. It was previously named Heliothis zea (Boddie), Bombyx
obsolete Fab., Phalaena zea (Boddie), and Heliothis umbrosus Grote (Kogan et al.
1978). In 1965, Hardwick separated the new world corn earworm species complex from
old world African bollworm, mostly was previously described as a single species
(Heliothis armigera or Heliothis obsolete) (EPPO/CABI 1990). He resolved the complex
taxonomic situation by introducing a new genus Helicoverpa. Pogue (2004) urged
caution when using old literature that mentioned the species names armigera, or obsolete,
since these names were interchangeably used to reference the old or new world bollworm
depending on the situation. Helicoverpa zea and tobacco budworm, Heliothis virescens,
together constitute the primary American pests in the Heliothine complex, which are
responsible for major economic losses in many commercial crops in the southern United
States, especially cotton.
1.2.4.2

Geographical distribution and migration pattern
Helicoverpa zea is found throughout North America except for northern Canada

and Alaska (Kogan et al. 1989). Its polyphagous nature, relatively short life cycle, ability
for long migration, and ability to overwinter up to 40 degree latitude are principal reasons
why this pest is highly destructive and abundant over a large geographical area in North
America. The number of generations completed per season depends mainly on the
climate of the location, and ranges from 1 generation in Canada to 7-8 in Florida and
southern Texas. Helicoverpa zea is capable of long distance migration (Westbrook et al.
1995). Studies related to migration revealed that this insect shows annual migration
(Lingren et al. 1994), migrating from Mexico up to Canada. Studies by Callahan et al.
(1972) indicated that migratory flights usually occur above 1000 feet in altitude. Various
8

established migration patterns like the annual migration pattern described by Lingren et
al. (1994) and reverse migration patterns described by Pair et al. (1987) further confirm
the high mobility of this pest. Possible northward range expansion of H. zea due to
climate change (Diffenbaugh et al. 2008) could be an important factor which will decide
the future geographical distribution of this pest.
1.2.4.3

Biology
Even though H. zea is polyphagous (Neunzig 1963, Sudbrink and Grant 1995), it

shows a definite preference for young corn ears and tassels, particularly for sweet corn
and popcorn cultivars. Helicoverpa zea undergoes complete metamorphosis with 4
distinct life stages that include egg, larva, pupa and adult. Eggs are laid singly on the
whorl stage or the silk of R1 and R2 stage corn plants. Neonate larvae are negatively
phototaxic (McKinlay 1992). By 2nd or 3rd instar, a larva reaches the tip of the ear after
tunneling through the silk channel. Once they enter into the silk channel they are
relatively impervious to attack by parasitoids, predators or pesticides, and cannibalism
and disease are the primary causes of mortality (Raulston et al. 1990). Larvae become
cannibalistic by the third instar and only one larva usually survives per ear (EPPO/CABI
1990). Horner and Dively (2003) proposed that cannibalism by Bt resistant larvae on Bt
susceptible larvae having delayed development due to Bt intoxication, may lead to the
selective survival of Bt resistant individuals on Bt positive plants.
Under normal conditions larval development takes 14-25 days with a mean of 16
days (EPPO/CABI 1990). Under cooler conditions, development may take up to 60 days
(EPPO/CABI 1990). Helicoverpa zea larvae normally complete the larval phase through
5 instars, but 6 instars is not uncommon. Mature larvae tunnel into the soil for pupation,
9

where pupation occurs in an earthen cell 5-10 cm below the soil surface (Barber 1939).
Temperature and time of year are critical factors which determine the duration of the
pupal stage (Roach and Adkisson 1970). Under tropical conditions, the pupal stage
generally lasts 10-14 days (EPPO/CABI 1990). Adults are strong fliers and principally
nocturnal.
1.2.4.4

Population dynamics of Helicoverpa zea in Mississippi
An understanding of the population dynamics of a pest is critical for research

related to Bt resistance management including designing an effective refuge strategy,
implementing proper insect resistance management practices, estimating Bt selection
pressure and gene flow, and modeling Bt resistance evolution. This is particularly
important for a highly mobile pest like H. zea, where the insects in a particular area could
be a mixture of individuals from a local overwintering population and one or more
migrant populations (Vemula 2009).
As mentioned earlier, H. zea is a polyphagous pest (Neunzig 1963, Sudbrink and
Grant 1995). Helicoverpa zea infests at least 30 cultivated and 76 uncultivated plant
species (Blanco et al. 2007). In Mississippi, H. zea is able to overwinter as a diapausing
pupa (Stadelbacher and Pfrimmer 1972, Stadelbacher 1981, Schneider 2003), but the
successful emergence of adults from these overwintering pupae can be as low as 2.6%
(Stadelbacher and Pfrimmer 1972). Stadelbacher (1981) further noted that adult
emergence from the overwintering population occurs approximately 1.5 months before
the availability of cultivated crops, so early in the spring, H. zea adults from the
overwintering population and their F1 progeny feed on uncultivated host plants. These
host plants include crimson clover, Trifolium incarnatum L. (mid-April to 1st week of
10

May), Persian clover, Trifolium resupinatum L. (third week of April to late May),
Geranium dissectum L. (third week of April-Late May), winter vetch, Vicia villosa Roth.
(mid-April onwards) and many other plants like caley pea, Lathyrus hirsutus L., and
alfalfa, Medicago sativa L (Parker 2000).
However, not all spring populations are derived from locally overwintered
population; a significant portion of the population is derived from migratory populations
coming from more southern locations including Mexico (Vemula 2009). After observing
the date of spring emergence of locally overwintered H. zea pupae, which ranged from
April 26 to June 15, Stadelbacher and Pfrimmer (1972) suggested that moths collected
before this date indicate the presence of H. zea migration into the Mississippi Delta
before local emergence. Similarly, Schneider (2003) proposed that local emergence from
the overwintering population in northeastern Mississippi may start around mid-April to
mid-May, and the moths collected earlier could be regarded as putative migrants. Studies
conducted by Vemula (2009) on revealed the presence of early spring H. zea migrants
which were genetically distinct from both early (from overwintering population) as well
as later locally produced generations.
Caprio et al. (2009) noted that in the mid-southern U.S., four generations of H.
zea occur during the cropping season and the first two generations in a cropping season
are mainly completed in corn. Silking corn is the most preferred host of H. zea (Light et
al. 1993). By mid- June, after most wild hosts have matured, corn becomes the preferred
host (Stadelbacher 1980). When corn matures by mid-July, H. zea moves to a variety of
crops like cotton, sorghum or soybean, completing 1-2 generations in these hosts before
moving to wild hosts or entering diapause in the fall of the year (Parker 2000). In general,
11

H. zea generations will feed on corn, cotton, soybean, as well as several other crops
grown on a limited scale, and wild hosts concurrently or in succession (Fig.1.4).

Figure 1.4

Mean densities of fourth and fifth instar H. zea on different crop hosts in
Mississippi during 2002.

Graph from Jackson et al. (2008).
1.3
1.3.1

Bt corn technology
History of Bt corn technology in the United States
Genetically modified corn, Zea mays, hybrids containing genes from the soil

bacterium Bacillus thuringiensis Berliner (Bt) have been available for commercial
cultivation in the USA since 1996. These bacterial gene(s) in plants produce Bt
protein(s), protecting the plants throughout the growing period. Depending on the Bt
proteins present, transgenic corn hybrids are effective against pests belongs to two orders:
Lepidoptera, including European corn borer, Ostrinia nubilalis (Hübner), southwestern
12

corn borer, Diatraea grandiosella Dyar, corn earworm, Helicoverpa zea (Boddie), and
fall armyworm, Spodoptera frugiperda (J.E.Smith) and Coleoptera, including western
corn rootworm, Diabrotica virgifera virgifera LeConte, and northern corn rootworm,
Diabrotica barberi Smith and Lawrence (Onstad et al. 2011).
Onstad et al. (2011) classified the history of Bt corn technology in United States
into two distinct phases (Fig. 1.5). The first phase of this technology (1995-2008)
involved the transgenic corn hybrids producing one toxin for one or both orders
(Lepidoptera and/or Coleoptera) of pest (e.g. YieldGard® Corn Borer, Herculex® 1,
YieldGard® VT Triple, Herculex® XTRA) and the second phase (2008-present) where
pyramided varieties were introduced into the market and growers shifted towards
transgenic corn varieties pyramided with multiple toxins for each group of pests, (e.g.
Genuity® SmartStax®, Genuity® VT Triple PRO®, Agrisure® VipteraTM). In general, Bt
corn adoption grew from 1.4% of total corn acreage in 1996 to 25.9% in 1999, to 29%
2003, and to 67% of 2012 (USDA-ERS 2013) (Fig. 1.5).

Figure 1.5

Bt corn adoption in the United States.

Data from USDA-NASS (2013).
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During the initial period of the first phase, these Bt hybrids were primarily aimed
to manage European corn borer and southwestern corn borer and have been successful in
managing these pests, providing the Bt corn growers with positive economic benefits
(Burkness et al. 2003, Hutchison et al. 2010). Commercial introduction of new transgenic
corn hybrids expressing resistance against western corn rootworm during the 2003-04
period led to wider adoption of transgenic corn (USDA-ERS 2012).
In addition to providing effective control against many primary targeted pests, Bt
corn targeted for lepidopteran pests has also provided significant control of many
secondary pests like H. zea (Sims et al. 1996, Pilcher et al. 1997, Buntin et al. 2001,
Burkness et al. 2003, Blanco et al. 2007) and fall armyworm (Buntin et al. 2001) by
reducing pest densities and associated damage (Burkness et al. 2011). In some cases, due
to area wide pest suppression by Bt corn adoption, even non-Bt corn growers enjoyed
positive economic benefits (Hutchison et al. 2010). Even after the introduction of
pyramided varieties, Bt expression in many of these corn hybrids is not ‘high dose’ for H.
zea and a portion of larvae are able to complete development on Bt corn ears (Sims et al.
1996, Horner et al. 2003). However, these larvae suffer many negative fitness effects like
prolonged larval development, reduced larval weight, reduced pupal weight, and reduced
fecundity (Horner et al. 2003) .
1.3.2

Insect resistance management (IRM)
The evolution of Bt resistance, which is a ‘‘heritable decrease in the population’s

susceptibility to Bt toxin’’ (Tabashnik et al. 2009), in primary and secondary pests
always threatens the continued efficacy of Bt crops. Increased exposure of pests to Bt
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toxins due to the widespread adoption of Bt crops necessitates the development of
effective insect resistance management (IRM) strategies.
The principle IRM strategy deployed to delay field evolved resistance is the highdose / structured refuge strategy (EPA 2001). This strategy is based upon high dose Bt
protein(s) expression in transgenic plants and planting of a fixed percentage of Bt toxin
free (non-Bt) plants as a refuge alongside Bt plants. The 1998 Science Advisory Panel
Subpanel (EPA 2001) defined a high dose as “25 times the protein concentration
necessary to kill susceptible larvae.” Refuges were designed to provide a sufficient
number of adult insects developed without Bt selection to mate with the rare resistant
insects developing from the Bt plants (EPA 2001). If Bt resistance is a recessive trait,
then all the resulting heterozygous F1 progeny will be killed by the Bt plants, reducing
the frequency of resistant alleles in the population (Tabashnik et al. 2008). Until recently,
the structured refuge system has been the principal method used to maintain pest
susceptibility.
1.3.3

Refuge contamination by Bt cross-pollination
Corn is a highly cross-pollinated crop and Bt corn produces pollen containing the

transgene(s) (Chilcutt and Tabashnik 2004). Most of the current Bt corn varieties are
hemizygous for Bt transgenes, so around 50% of the pollen grains produced by a single
toxin hybrid will contain a Bt transgene. Since pollen mediated gene flow of a transgene
from Bt plants could result in Bt toxin production in cross-pollinated kernels, crosspollination of non-Bt refuge ears by the pollen from Bt plants will produce Bt toxin in
some of the non-Bt refuge kernels. It is well established that sub-lethal exposure to a Bt
toxin could hasten Bt resistance evolution (Onstad et al. 2011) by allowing the enhanced
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survival of heterozygote individuals over susceptible ones, thereby increasing the
frequency of resistance alleles in the population. For a refuge strategy to be successful, it
is crucial that plants used as refuge should be free of Bt toxin for the production of nonselected insects (Chilcutt and Tabashnik 2004). Helicoverpa zea feeding on kernels of
non-Bt refuge plants pollinated with Bt pollen are more likely to be exposed to sub lethal
doses, which may hasten resistance development in this pest. Studies conducted by
Burkness et al. (2011) on a sweet corn hybrid expressing a single Bt event, Bt 11
(Cry1Ab), revealed the intermediate survival (63%) of larval H. zea on non-Bt ears
(refuge plants) pollinated by Bt pollen. This reduction of survivorship reduced the
effective number of susceptible/non-selected insects available for mating with resistant
individuals from nearby Bt fields as envisioned by the refuge strategy.
With the introduction of new corn hybrids utilizing the pyramided toxin strategy
(where the transgenic corn plant expresses multiple toxins active against a single pest),
the mandatory refuge area is reduced to 5% from 20% in corn growing areas other than
cotton growing areas (e.g. Genuity® SmartStax® Complete™ with 5% refuge requirement
in corn growing areas outside cotton growing areas) and 20% from 50% in cotton
growing areas (EPA 2011). EPA mandated the planting of a structured refuge for most of
the current Bt corn hybrids, but an emerging refuge strategy currently accepted for a few
pyramided corn varieties is known as the seed blend or refuge in a bag refuge strategy
(e.g. Optimum® AcreMax™ 1 or Genuity® SmartStax® RIB Complete™) (EPA 2011).
Seed blends can be beneficial in managing Bt resistance development of pests
compared to a block refuge of same proportion in situations where inter-plant movement
of larvae is low (Mallet and Porter 1992), Bt adoption is high, and grower’s refuge
16

compliance is low (Onstad et al. 2011). Seed blends also facilitate more random mating
of resistant individuals developed from Bt fields with abundant non-selected individuals
from a non-Bt refuge, since the refuge is planted within the same field along with the Bt
plants. Moreover, this refuge strategy ensures 100% grower compliance of refuge
requirements since seeds are marketed as a mixture of Bt kernels with fixed percentage of
non-Bt refuge kernels within the same seed bag. Bt resistance modeling by the
Biopesticides and Pollution Prevention Division (BPPD) of the U.S. Environmental
Protection Agency (EPA) and later by the Federal Insecticide, Fungicide, and
Rodenticide Act Scientific Advisory Panel (FIFRA SAP) (2011) assessment of BPPD’s
model concluded that for corn rootworm, the 5% seed blend refuge strategy and the 5%
block refuge strategy, both utilizing the pyramided variety SmartStaxTM as the Bt hybrid,
have comparable durability (EPA 2011). However for lepidopteran pests including H.
zea, the 5% seed blend refuge with a pyramided Bt hybrid like SmartStaxTM could be less
durable than a 5% block refuge utilizing the same hybrid (EPA 2011).
Because of the close proximity of Bt and non-Bt plants in a seed blend system, the
chances of cross pollination are very high compared to the block refuge strategy (Onstad
et al. 2011). In the block refuge strategy, high level Bt contamination of non-Bt refuge
ears from Bt pollen is limited to a few rows of refuge plants near Bt rows. Several studies
are available concerning pollen mediated gene flow (Chilcutt and Tabashnik 2004,
Galeano et al. 2011) and their effect on growth and survival of H. zea (Burkness et al.
2011), but none of these were performed on a pyramided toxin hybrid. At present, the
seed blend refuge strategy is only approved for pyramided varieties, and single toxin
varieties are being phased out from the market place. The second chapter of this thesis is
17

therefore focused on the effect of pollen mediated gene flow of a multi-toxin variety,
(DKC-67-88 Genuity® VT Triple PRO® Monsanto Co. St. Louis, MO) on growth and
development of H. zea. This research was conducted to estimate the impact of pollen
mediated gene flow to non-Bt corn from Bt corn and to Bt corn from non-Bt corn and
resulting Bt toxin expression in developing corn kernels on feeding damage, growth, and
development of H. zea. This research provided data on the performance of H. zea larvae
feeding on non-Bt refuge ears contaminated by Bt pollen, which could applicable to
multi-toxin based block and seed blend refuge strategies.
1.3.4

Late season volunteer corn and Helicoverpa zea dynamics in Mississippi
The impact of pollen mediated gene flow on the development of Bt resistance on

a polyphagous, multivoltine pest like H. zea is not limited to the primary crop season.
Plants that are produced from the unharvested seeds - volunteer plants - could have a
significant role in Bt resistance development of many insect pests. The southern United
States has a long frost free growing period between corn harvest and the first winter
freeze, so late season volunteer corn which germinates soon after the harvest of the main
crop will have a long growing period, sufficient for H. zea to feed on these volunteer corn
plants. Head et al. (2010) studied the 13C to 12C ratio of H. zea moths collected in
pheromone traps from mid-September to November in southern cotton producing states.
The results indicate that a major proportion of moths developed from plants utilizing the
C4 biochemical pathway for carbon fixation. Since they couldn’t correlate the larval host
of these moths to any known C4 crop plants (corn or sorghum) or wild hosts in this
region, one of the hypotheses they put forth was that the source of these moths could be
late season volunteer corn.
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Volunteer plants express the Bt toxins and herbicide tolerances inherited from
parent plants, but expression levels may not be as high as in the parent plant since
volunteer plants are usually grown in poor growing conditions using residual nutrients
and moisture. A study conducted by Krupke et al. (2009) on volunteer corn plants
showed substantial root injury by corn rootworm on volunteer plants testing positive for
Cry3Bb1 due to reduced expression of Bt toxins in the volunteer plants.
The presence of volunteer corn at very high densities and their staggered
germination makes it a potential host plant for H. zea throughout late summer and early
fall until frost kills the plants. Adult male pheromone trap catches by Adamczyk and
Hubbard (2006) over 20 years in the Mississippi Delta showed H. zea moth activity
throughout the growing season. Moreover, volunteer corn was present concomitant with
the estimated dates of diapausing pupal production (Stadelbacher and Pfrimmer 1972).
This suggests the possibility of late season volunteer corn as a host plant for the final
generation of H. zea. As this generation can overwinter locally in the southern U.S., any
selection occurring in this final generation has implications for the next year as well.
However, low air temperatures during the H. zea larval growing period on volunteer corn
plants may limit larval development and could prevent the completion of the larval phase
and successful pupation. If all or most of the larvae developing on late season volunteer
corn perish without contributing to the overwintering population, the importance of these
larvae in resistance development is negligible. In fact, if pupae produced from late season
volunteer corn fail to enter into diapause, then the resulting moths also may not have any
implications for Bt resistance. Since little is known about late season volunteer corn, the
population dynamics of H. zea on these plants, and the probability of successful pupation
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of these larvae, a study in these areas would improve our understanding of the impact of
late season volunteer corn on Bt resistance development of H. zea.
The 3rd chapter of this thesis assesses the potential Bt resistance risk from H. zea
larvae developing on late season volunteer corn in Mississippi by 1. estimating the
density of late season volunteer corn in commercial fields of Mississippi, which will
provide an indication of the number of corn plant hosts available to support H. zea
development during the last generation. 2. estimating H. zea densities at various stages of
volunteer corn development which provide an insight into the population dynamics of H.
zea on late season volunteer corn, and 3. assessing the probability of accumulating
sufficient growing degree days (GDD) for H. zea development from egg to prepupation.
Many studies (Dong and Li 2007, Luo et al. 2008, Martins et al. 2008) regarding
Bt toxin expression in corn and cotton suggest that Bt expression in plants can be
influenced by soil nutrient and moisture levels. A study by Bruns and Abel (2003) on
commercial Bt corn plants revealed a direct correlation of nitrogen fertilization and
Cry1Ab content in corn whorl leaf tissue. Since volunteer plants are growing without any
crop management practices like fertilizer or irrigation, there is a strong possibility that Bt
positive plants will express lower concentrations of Bt toxins in their tissue than the
parent Bt crop. Volunteer corn plants germinated from leftover seeds in a commercial
corn field could be the result of one of the four possible crosses that took place between
parent plants (♀ X ♂) viz, Bt X Bt, Bt X non-Bt, non-Bt X Bt and non-Bt X non-Bt. The
fourth chapter of this thesis therefore deals with 1. the influence of parentage on Bt
expression of volunteer plants (F1 progeny) indicated by the growth and development of
H. zea on whorl and ear stage volunteer corn plants and 2. the difference in growth and
20

survival of H. zea on whorl and ear stage volunteer corn growing under two levels of
fertilization and irrigation.
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CHAPTER II
EFFECT OF CROSS-POLLINATION ON GROWTH AND DEVELOPMENT OF
CORN EARWORM – IMPLICATIONS ON CORN EARWORM
BT RESISTANCE MANAGEMENT

2.1

Abstract
The effect of pollen mediated gene flow between a multi-toxin Bacillus

thuringiensis Berliner (Bt) transgenic corn hybrid (DKC 67-88 GEN VT Triple Pro) and
its non-Bt near isoline (DKC 67-86 RR2) on the growth and development of corn
earworm, Helicoverpa zea (Boddie) (Lepidoptera: Noctuidae), was tested. Four different
corn crosses (♀ X ♂) viz. Bt X Bt, Bt X non-Bt, non-Bt X Bt and non-Bt X non-Bt were
made during the summers of 2011 and 2012. An average of 25 H. zea neonates were
placed on the silks of each cross-pollinated ear at four days after hand pollination.
Observations on the growth and survival of larvae were recorded 10 days after
inoculation. In both years, a general reduction in the growth rate of H. zea larvae was
observed on ears of Bt female plants, irrespective of the male parent. In contrast, the male
parent had a significant impact on the growth and survivorship of larvae feeding on nonBt maternal ears during 2011. Larval survivorship was lowest on the Bt X Bt cross and
highest on the non-Bt X non-Bt cross. Larval survivorship on the non-Bt X Bt crosses
was intermediate. Results indicate that pollen mediated gene flow from nearby Bt plants
could expose larvae to Bt toxins in cross-pollinated ears. This could significantly affect
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the growth and survival of H. zea larvae feeding on non-Bt refuge plants, thus reducing
the effectiveness of non-Bt plants as a refuge in a seed blend due to larval exposure to Bt
toxins in cross-pollinated ears.
Key words: Helicoverpa zea, Bacillus thuringiensis, corn, cross-pollination, insect
resistance management
2.2

Introduction
The corn earworm, Helicoverpa zea (Boddie) (Lepidoptera: Noctuidae), is one of

the most destructive and widely distributed ear feeding lepidopteran pests of corn (Zea
mays L.) in the United States. Insecticidal control of this insect pest during the ear stage
of field corn is difficult and costly to accomplish since neonates move to the silk channel
where they are mostly protected from insecticide exposure. However, the introduction of
genetically modified corn hybrids expressing Bacillus thuringiensis Berliner (Bt) toxins
offer an efficient solution to this problem by protecting the ear from various ear feeding
lepidoptera, including H. zea.
Since its commercial introduction in 1996, United States grower adoption of Bt
corn hybrids has grown from 7.6% of planted acres in 1997 to 67% of planted acres in
2012 (USDA-NASS 2012). This increase in grower adoption of Bt corn technology and
the potential Bt resistance development of pests due to increased exposure to Bt toxins
necessitates the development of a comprehensive insect resistance management (IRM)
plan to preserve the durability of Bt technologies (Carroll et al. 2012). The high dose block refuge was the principal strategy implemented to delay insect pest adaptation to Bt
crops. This strategy requires the planting of some proportion of the total corn acreage
with non-Bt corn to serve as a refuge within a location. The purpose of the refuge is to
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produce Bt susceptible insects in the absence of Bt selection pressure which could mate
with any Bt resistant individual that developed on Bt plants (Roush 1994). The resulting
heterozygous individuals feeding on Bt corn would be killed by the high dose expressed
by Bt corn plants since Bt resistance is functionally recessive (Roush 1994, Gould 1998).
If implemented properly, this strategy proved to be very efficient in delaying the
development of pest resistance (Huang et al. 2011).
Corn is a naturally cross-pollinated crop (Purseglove 1972). Although there can
be a short overlap between male and female phases, at least 95% of the seeds normally
result from cross-pollination (Purseglove 1972, Emberlin et al. 1999). Commercial Bt
corn hybrids are hemizygous for the Bt genes (Chilcutt and Tabashnik 2004). Therefore
in single Bt toxin hybrids, 50% of pollen produced will contain a Bt transgene. An ovule
fertilized by pollen containing a Bt transgene will express Bt toxin in its kernel. In other
words, non-Bt refuge plants pollinated by Bt pollen will express Bt toxin(s) in some of
their kernels and the percentage of kernels expressing Bt toxin will depend on the degree
of cross-pollination, the number of transgenes coding for Bt toxins and the transgene
linkage in the parent plant. Since only a portion of kernels in a non-Bt ear express Bt
toxin when pollinated by pollen from a Bt plant (Burkness et al. 2011), ear feeding
lepidopteran pests like H. zea may be exposed to sublethal toxin concentrations when
larvae feed on this mosaic of Bt and non-Bt kernels. Earlier studies revealed that when
pollen sources and receptors have the same or overlapping flowering periods, the degree
of cross-pollination decreases as the distance between the pollen source and pollen
receptors increases (Chilcutt and Tabashnik 2004, Salvia et al. 2008).
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Until 2008, all Bt corn hybrids commercially available in the United States
expressed a single Bt toxin against a specific order of pest (Lepidoptera and/or
Coleoptera) with a structured refuge as the principal insect resistance management
strategy (Onstad et al. 2011). In the structured refuge strategy, chances of high levels of
cross-pollination of refuge plants from Bt pollen are limited to the first few rows of the
refuge planted near a Bt field (Burkness et al. 2011). However with the introduction of
pyramided hybrids expressing multiple Bt toxins active against a single order of pests, a
5% refuge in the form of a seed blend for some pyramided technologies are permitted in
areas outside the cotton growing region (EPA 2010a, 2011). A report published by Jaffe
(2009) based on annual Compliance Assurance Program Reports (CAP Report) pointed
out that refuge compliance in the United States for Bt corn products declined from above
90% during 2003-2005 to approximately 75% in 2008. In the seed blend or seed mixture
refuge strategy, non-Bt seeds are blended with seeds from a pyramided Bt hybrid in a
specific proportion, resulting in the non-Bt refuge being planted randomly in the same
field with the Bt crop (Onstad et al. 2011). This ensures 100% grower compliance for the
refuge requirements and could enhance random mating of resistant adults emerging from
Bt plants with susceptible adults from non-Bt refuge plants (Murphy et al. 2010, Onstad
et al. 2011, Carroll et al. 2012). However, because of the close proximity of Bt and nonBt refuge plants, the chances of refuge contamination by Bt pollen are very high in a seed
mixture/blend refuge strategy (Kang et al. 2012).
The presence of Bt toxins in the non-Bt refuge kernels is a major concern when
dealing with Bt resistance development in ear feeding pests such as H. zea (Burkness and
Hutchison 2012). Research conducted by Chilcutt and Tabashnik (2004) on cross32

pollination of non-Bt refuge plants by pollen from Bt plants and the resulting pollen
induced Bt toxicity suggested that cross-pollination of non-Bt refuge plants could hasten
Bt resistance development. Resistance would result from a reduction in the effectiveness
of the refuge area due to increased mortality of susceptible larvae in the refuge ears and
an increase in effective heterozygote dominance by sublethal Bt expression in the
kernels. Previous studies observed considerable spatial heterogeneity of toxin
concentrations among kernels within ears of commercial Bt hybrids (Horner et al. 2003)
and kernels of non-Bt ears cross-pollinated by pollen from Bt plants (Chilcutt and
Tabashnik 2004, Burkness et al. 2011). Spatial heterogeneity of Bt toxin concentrations
could select for behavioral responses including the selective feeding on low expressing
kernels which could lead to increased tolerance and the evolution of Bt resistance (Hoy et
al. 1998). In the current study, we examined the impact of cross-pollination from Bt and
non-Bt pollen on growth and survivorship of H. zea on Bt and non-Bt plants. Implications
of Bt contamination of refuge plants on Bt resistance development in H. zea with regard
to IRM practices are discussed.
2.3
2.3.1

Materials and methods
Field planting
A field experiment was carried out to determine the growth and development of

H. zea that developed on non-Bt corn pollinated with Bt pollen and Bt corn pollinated
with non-Bt pollen. Fields were planted on 12 April, 2011 and 30 March, 2012 at the R.
R. Foil Plant Science Research Farm in Starkville, MS. The design was a randomized
complete block with four replications each year (Fig. 2.1). Individual plots were 4 rows
(0.97 m row width) by 10 meter long. Seeds were planted 3.8 cm deep and 13.9 cm apart
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in the row, resulting in a planting density of 74,000 seeds per ha. The first two rows of
plants in each plot were used as female parents and next two rows were used as the pollen
source. Planting was done to facilitate four different crosses, namely Bt (♀) X Bt (♂), Bt
(♀) X non-Bt (♂), non-Bt (♀) X Bt (♂) and non-Bt (♀) X non-Bt (♂). The hybrid used as
the Bt parent in crosses was DKC 67-88 (Genuity TM VT Triple PROTM; Bt events MON
89034 and MON 88017, Monsanto Co. St Louis, MO). The Bt parent, DKC 67-88, is a
pyramided Bt toxin hybrid expressing three toxins, Cry 1A.105, Cry2Ab2 and Cry3Bb1.
Cry 1A.105 and Cry2Ab2 are active against lepidopteran pests. Since these two
lepidopteran active toxins (Cry 1A.105, Cry2Ab2) were vector stacked (vector PVZMIR245, event MON89034) (EPA 2010b), genes coding for these two toxins
effectively segregate in the gametes similar to a single gene and the toxin segregation
pattern for lepidopteran toxins in DKC 67-88 is similar to single toxin hybrid. A near
isoline, DKC 67-86 RR 2 (Monsanto Co. St Louis, MO), was used as the non-Bt parent.
Both hybrids have the same relative maturity of 117 days and mid pollination time of
1380 growing degree units (GDU), which facilitated cross-pollination. Seeds of both
hybrids were received already treated with Poncho® /VOTiVO® (Bayer CropScience,
Morrisville, NC.) seed treatment. When plants reached the V6 (Ritchie et al. 1989) stage,
leaf punches from two random plants in each row were tested for Cry2Ab2 using
QuickStixTM lateral flow test strip (EnviroLogix, Inc., Portland, ME.) to confirm the
accuracy of field planting. Fertilizer application, irrigation and other agronomic practices
except insecticide sprays were applied as per the recommendations of the Mississippi
State University Extension Service (Anonymous 2011).
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Figure 2.1

Experimental plot layout.

Randomization of treatment with in each replication were different in 2011 and 2012.
2.3.2

Hand pollination
Emerging primary ear shoots on at least 30 plants of the female rows of each plot

were covered with a waxed shoot bag (no. 217; Lawson Bags, Northfield, IL.) before silk
emergence began to avoid out crossing. Female rows were inspected daily and primary
ear shoots were covered daily. Ear shoot bagging lasted for six to seven days. When the
ear shoots protected by shoot bags had enough exposed silks to obtain good pollination, a
corresponding number of pollen shedding tassels on the male rows of each plot were
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covered with a tassel bag (no. 402 – Showerproof’d”; Lawson Bags, Northfield, IL.), the
evening before the actual pollination day. Pollen was collected in the closed bag on the
following day by shaking the tassel. The bag was then removed from the tassel and
carried to the respective female ear. Hand pollination was carried out by tearing open the
top of ear shoot bags and gently pouring the pollen collected from the respective pollen
parent onto the silks. Immediately after pollination, the cross-pollinated ear was covered
with the tassel bag used for pollination. Ears were labeled for future identification. Hand
pollination continued until each plot had a minimum of 25 cross pollinated ears.
2.3.3

Helicoverpa zea inoculation and data collection
All hand-pollinated ears in each plot were manually infested with H. zea neonates

reared from a laboratory colony maintained by USDA-ARS, Starkville, MS. Larvae
mixed with corn cob grit were dispensed onto the silks at four days after hand pollination
at a rate of approximately 25 larvae per ear with a Bazooka applicator (Mihm 1983).
Inoculations were carried out in the late evening during 2011 and early morning during
2012 to minimize larval mortality due to extreme temperatures. Twenty randomly
selected ears from each plot were sampled 10 days after inoculation from every
replication. The number of H. zea larvae per ear and size of the larvae (small < 7 mm,
medium 7-17.9 mm and large > 17.9 mm) were measured and recorded.
2.3.4

Data analysis
A significant year X treatment interaction was observed for total larval number (F

= 4.83; df= 4, 16; P= 0.0095), so further analyses were carried out separately for 2011
and 2012. To compare the growth rates of H. zea larvae on different crosses, larval
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categories (small, medium and large) were analyzed separately using the PROC MIXED
procedure of SAS (SAS Institute 2008) with block as random factor. Degrees of freedom
were calculated using the Kenwood-Roger method in the PROC MIXED procedure and
means were separated using a protected least significant difference (LSD) procedure at a
0.05 significance level. In both years, data for number of large larvae were not normally
distributed; therefore data were square root transformed before analysis. The
development of H. zea larvae on corn ears from different crosses and the influence of
pollen parent on larval growth and development were compared using a Chi –squared
test. To compare H. zea survivorship among crosses, survivorship in the non-Bt X non-Bt
cross was considered 100% without any mortality from Bt toxin. The total numbers of H.
zea surviving at 10 days after inoculation (including small, medium and large size
categories) were used to calculate H. zea survivorship. Survivorship of H. zea on cross
pollinated ears of other crosses were calculated relative to the non-Bt X non-Bt cross
after modifying the formula by Burkness et al. (2011).

(Eq. 2.1)
Where PCEWc represents percentage survivorship of H. zea larvae in a selected cross,
MCEWc represents mean survivorship of H. zea in a selected cross, and MCEWy
represents mean survivorships of H. zea in non-Bt X non-Bt cross across all replications
in a year. This calculation was done independently for each replication and the percent
survivorship data were arcsine transformed before analysis. The LSD test at a 0.05
significance level (SAS 2008) was used to separate the means.
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2.4

Results
H. zea larvae found on the cross-pollinated ears 10 days after neonate inoculation

were smaller on Bt maternal plants (♀Bt X ♂Bt and ♀Bt X ♂n. Bt), compared to non-Bt
maternal plants (♀n.Bt X ♂Bt and ♀n.Bt X ♂n.Bt) ( χ2= 123.9; df= 2; P< .0001 in 2011
and χ2= 52.8; df= 2; P< .0001 in 2012 ) (Fig. 2.2).

Figure 2.2

Mean percentage of small, medium and large H. zea larvae on crosspollinated ears of selected crosses during 2011-2012.

Mean percentage of small, medium and large H. zea larvae on cross-pollinated ears of
selected crosses 10 days after neonate inoculation, Starkville, MS 2011-2012.

In 2011 and 2012, when both maternal and paternal plants were non-Bt, most of
the H. zea larvae found were medium (7 mm - 17.9 mm) to large sized (>17.9 mm) and
only a small portion of population were classified as small (Fig. 2.2). Significantly slower
developmental rates of larvae were observed in 2011 when non-Bt refuge plants were
pollinated with pollen from Bt plants (♀n.Bt X ♂Bt) compared to those on pure non-Bt
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cross (♀n.Bt X ♂n.Bt) ( χ2= 19.8; df= 2; P< .0001). However, this difference in growth
rate was not observed in 2012 ( χ2= 0.5; df= 2; P= 0.79) (Fig. 2.2). In both years, the
developmental rate of larvae feeding on ears from the ♀n.Bt X ♂Bt cross were
significantly faster than those larvae feeding on ears from crosses having Bt maternal
plants (♀Bt X ♂Bt and ♀Bt X ♂n. Bt) ( χ2= 64.6; df= 2; P< .0001 in 2011 and χ2= 31.22;
df= 2; P< .0001 in 2012) (Fig. 2.2).
Significantly lower levels of H. zea larval survivorship were observed at 10 days
after neonate inoculation on Bt maternal plants (F = 57; df=1,7; P< .0001 in 2011 and F =
12.2; df=1,7; P< .0101 in 2012 ) compared to non-Bt maternal plants, regardless of pollen
parent (F = 1.5; df= 1,7; P= 0.26 in 2011 and F = 0; df= 1,7; P= 0.990 in 2012; Table
2.1). When non-Bt ears were cross-pollinated with pollen from Bt plants (♀n.Bt X ♂Bt)
under a 100% cross-pollination scenario, a 33% reduction in survivorship of H. zea
larvae 10 days after inoculation were observed in 2011, compared to survivorship on the
non-Bt X non-Bt cross (F = 11.8; df= 1,7; P= 0.011) (Table 2.1). Even though the
numerical reduction of H. zea larval survivorship on Bt pollen cross-pollinated ears of
non-Bt refuge plants (n.Bt X Bt) was similar in 2012 (36%), the observed reduction in
2012 was not significantly different from survivorship of H. zea larvae in n.Bt X n.Bt
cross (F = 0.39; df= 1,7; P= 0.550). Unlike crosses involving Bt maternal plants, in crosspollinated ears of non-Bt maternal plants, the pollen parent showed a significant impact
on the number of large sized larvae (Fig. 2.3) and survivorship of H. zea larvae in 2011
(F = 11.8; df= 1,7; P= 0.011).

39

Table 2.1

Mean number of H. zea larvae and survivorship on selected crosses.

Mean (± SEM) number of H. zea larvae per 20 cross-pollinated ears of selected crosses
and percentage survivorship (mean ± SEM) of H. zea on selected crosses compared to
♀non-Bt X ♂non-Bt crosses, Starkville, MS 2011-2012. Data with different letters within
a column are significantly different (P<0.05).
a
Includes H. zea larvae of all size categories; small, medium and large.
b
Statistics based on arcsine-transformed data but untransformed data are presented.

Figure 2.3

Mean number of small, medium and large H. zea larvae on different Bt and
non-Bt crosses during 2011.

Mean number (± SEM) of small, medium and large H. zea larvae per 20 cross-pollinated ears of different
Bt and non-Bt crosses 10 days after neonate inoculation. Data from Starkville, MS during 2011. Data for
large larvae were square root transformed for statistical analysis, but untransformed data are presented.
Bars with different letters within a size category are significantly different at the 0.05 level of significance.
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Figure 2.4

Mean number of small, medium and large H. zea larvae on different Bt and
non-Bt crosses during 2012.

Mean number (± SEM) of small, medium and large H. zea larvae per 20 cross-pollinated
ears of different Bt and non-Bt crosses 10 days after neonate inoculation. Data from
Starkville, MS during 2012. Data for large larvae were square root transformed for
statistical analysis, but untransformed data are presented. Bars with different letters
within a size category are significantly different at the 0.05 level of significance.
2.5

Discussion
Effectiveness of a high dose-refuge strategy is mostly dependent on satisfying

three key assumptions (Carriére and Tabashnik 2001). The first assumption is high dose
toxin expression of Bt plants, where high dose is defined by FIFRA Scientific Advisory
Panel (1998) as “ 25 times the toxin concentration needed to kill susceptible larvae”. The
second assumption is random mating between resistant and susceptible individuals. The
third assumption is that there must be a low initial resistance allele frequency in the
population prior to Bt exposure. Here we examined how cross-pollination of non-Bt
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refuge plants from a nearby Bt pollen source could violate the basic assumptions of the
high-dose refuge strategy, which could accelerate Bt resistance evolution in ear feeding
lepidopteran pests such as H. zea.
A previous study (Horner et al. 2003) suggested that cross-pollination of a
Bt X Bt cross itself could lead to considerable spatial heterogeneity of Bt toxin within the
cross-pollinated ears. Since commercial Bt varieties are hemizygous for the Bt traits, 25%
of cross-pollinated seeds of single toxin hybrids will not express Bt toxin. Under a 100%
cross-pollination situation, a cross between a female non-Bt refuge plant and a male
single toxin Bt plant will result in 50% of the kernels not expressing the Bt trait (Chilcutt
and Tabashnik 2004, Burkness et al. 2010). We observed significantly lower larval
survivorship at 10 days after neonate inoculation on the Bt X Bt cross compared to the
non-Bt X non-Bt cross (40% and 35%, in 2011 and 2012, respectively). Given that most
surviving larvae on Bt maternal plants had slower developmental rates (Fig.2.2), the
actual percentage of H. zea larvae able to complete development would likely be lower
than the estimated survivorship after 10 days. Nevertheless, 35 - 40% survivorship
suggests that Bt expression in cross-pollinated ears of Bt plants (Bt X Bt) was not a high
dose for H. zea. When a non-Bt refuge was pollinated by Bt pollen under a 100% crosspollination situation, a 33-36% (2011 and 2012, respectively) reduction in H. zea
survivorship was observed compared to the n.Bt X n.Bt cross. This intermediate level of
survivorship indicates some selection for Bt resistance when non-Bt refuge ears were
pollinated by Bt pollen.
Success of the high dose –refuge strategy relies on the recessive inheritance of the
Bt resistance gene. Mallet and Porter (1992) suggested that the earliest field evolved Bt
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resistance alleles are most likely to be functionally but not completely recessive. Diet
assays carried out by Burd et al. (2003) identified resistance genes from a field-collected
population of H. zea suggested partially dominant inheritance of resistance to the Cry1Ac
Bt toxin. Based on the diet assay studies carried by Gould et al. (1995) on the YHD2
strain of Heliothis virescens (F.), a species related to H. zea, Storer et al. (2003)
calculated an average functional dominance of 0.5 for a Bt resistance gene. Dominance
can be influenced by the environment (Bourguet et al. 2000) and effective dominance can
be managed by changing toxin expression in plant tissues. Many bioassay results have
shown that effective dominance increases as toxin concentration decreases (Zhao et al.
2000, Tabashnik et al. 2004). An increase in the effective dominance can increase the
selective advantage of a heterozygote over a susceptible homozygote exposed to
sublethal toxin concentrations. Computer simulation runs by Heuberger et al. (2008) on
Bt resistance development in pink bollworm feeding on non-Bt refuge cotton bolls crosspollinated by pollen from Bt plants suggested that resistance evolved faster when
heterozygotes (rs) had a selective fitness advantage over the susceptible (ss) genotype. If
heterozygotes, which carry most of the rare resistant alleles in a population (Roush 1994),
have a fitness advantage over the susceptible homozygotes, then sublethal exposure to Bt
toxins in cross-pollinated non-Bt corn ears will selectively favor the survivorship of
heterozygotes, resulting in the rapid evolution of Bt resistance.
Reductions in the effective refuge area are another concern of refuge
contamination by Bt pollen (Chilcutt and Tabashnik 2004). If some susceptible
individuals are killed by the toxin expressed in kernels of non-Bt refuge plants due to
cross-pollination (as demonstrated by the 33-36% reduction of H. zea larval survivorship
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in Bt pollen contaminated refuge ears) then the capacity of the refuge to provide
sufficient susceptible insects for mating with the insects emerging from the Bt field will
be diminished, effectively reducing the refuge area. Moreover, higher growth rates and
survivorship of heterozygotes having fitness advantages (Mallet and Porter 1992, Chilcutt
and Tabashnik 2004) and cannibalism of smaller susceptible larvae by the larger
heterozygotes (Horner and Dively 2003) will further increase the functional dominance
of resistance.
Previous studies concluded that H. zea larvae that ingest sublethal toxin
concentrations exhibited negative fitness effects. These effects included prolonged
developmental time for the larval and prepupal stages, smaller pupal size and lower
fecundity of female moths (Storer et al. 2001, Horner et al. 2003). Storer et al. (2001)
observed up to a 70% extension in developmental period of H. zea from neonates to
pupae feeding on Cry1Ab ears compared to those feeding on non-Bt ears. Since Bt
resistant homozygous individuals are considered to develop normally with minimal
fitness disadvantages on Bt expressing ears (Storer et al. 2003), susceptible individuals
are likely to show more fitness disadvantages, including a prolonged development period.
A general reduction in growth rate (Fig. 2.2) and a significant reduction in the number of
susceptible H. zea larvae reaching a large size (Fig. 2.3 and 2.4) were observed 10 days
after neonate inoculation on non-Bt refuge plants cross-pollinated with pollen from Bt
plants compared to a pure non-Bt cross (n.Bt X n.Bt) and these finding indicate
developmental delay. This development delay of susceptible larvae on refuge plants
expressing Bt toxin(s) resulting from cross-pollination can create a temporal asynchrony
between Bt resistant individuals from Bt plants and susceptible individuals from refuge
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plants. This could potentially disrupt the random mating assumption envisioned with the
high dose refuge strategy and lead to IRM failure.
With the decline in grower refuge compliance for Bt corn in the southern United
States (Jaffe 2009) and widespread adoption of pyramided Bt toxin varieties, a seed
mixture refuge strategy that would assure 100% farmer compliance and a higher degree
of random mating between resistant and susceptible individuals, looks appealing.
However, the likelihood of Bt contamination of such a refuge through cross-pollination
would reduce the quality and effective area of the refuge and increase functional
dominance of resistance due to higher heterozygote fitness in the Bt contaminated refuge.
Helicoverpa zea overwinters up to 40 degree latitude in North America, so any change in
resistance allele frequency of H. zea in the southern United States will potentially
accelerate Bt resistance development. Since resistance evolution is largely dependent on
the fitness of heterozygous individuals over susceptible homozygotes in cross-pollinated
refuge ears, more genotypic based behavioural studies are needed to effectively model
the evolution of Bt resistance.
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CHAPTER III
PREVALENCE OF HELICOVERPA ZEA (LEPIDOPTERA: NOCTUIDAE) ON LATE
SEASON VOLUNTEER CORN IN MISSISSIPPI: IMPLICATIONS ON BT
RESISTANCE MANAGEMENT

3.1

Abstract
The southern United States has a long growing period between corn harvest and

first winter frost, so volunteer corn which germinates after corn harvest has a growing
period sufficient for corn earworm, Helicoverpa zea (Boddie) to feed on these plants.
However, lower air temperatures can limit larval development on late season volunteer
corn and thereby successful pupation. We explore the suitability of late season volunteer
corn for H. zea larval development and the potential contribution of these larvae to the
overwintering population. A survey revealed the occurrence of volunteer corn with
monthly mean densities ranging from 56,000 to 143,000 plants per ha. Helicoverpa zea
larvae were found feeding on both vegetative and reproductive stage plants. An analysis
of H. zea growing degree day (GDD) accumulations based on Mississippi weather data
from 1980-2010 revealed a 100% probability that sufficient GDD would be accumulated
to reach prepupation before first frost if oviposition occurred by 9 September, with the
probability of successful pupation decreasing rapidly thereafter. This limits the
proportion of the overwintering population that develops on late season volunteer corn
mostly to those larvae established on volunteer corn by mid-September to mid-October.
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However, most of the larvae started developing after this period, and could not reach
pupation. Low suitability of whorl stage corn for larval development coupled with low
larval densities during this stage can effectively diminish the number of larvae that
complete development on late season volunteer transgenic corn expressing genes from
the soil bacterium, Bacillus thurnigiensis (Bt). This limits the Bt resistance risk posed by
larvae developing on late season volunteer corn in all but the most southern locations in
the US.
Key words: Bacillus thuringiensis, insect resistance management, growing degree
days, Bt corn
3.2

Introduction
Transgenic corn hybrids containing genes from the soil bacterium Bacillus

thuringiensis (Bt) have been widely adopted for commercial cultivation in the United
States. Since its introduction in 1996, Bt corn acreage in the United States has grown
from 1.4% of the total corn acreage in 1996 to 67% in 2012 (USDA-NASS 2012). This
increased adoption of Bt corn hybrids has increased Bt selection pressure on insect pests
(Carroll et al., 2012) and volunteer corn plants germinating after the corn harvest has
become a concern for Bt resistance development in many major corn pests, including
corn earworm, Helicoverpa zea (Boddie).
Corn inherently has a low ability to scatter seeds since ears are tightly covered
with husks (Galinat, 1965). Nevertheless, a survey carried out by Shauck (2011) on post
harvest losses of corn found harvest losses of 62,000 to 986,000 kernels per ha. Any
kernels left in the field after harvest can produce volunteer corn plants (Van den Brink et
al., 2010). However, production of volunteer corn plants from these seeds depends on
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many factors, including harvesting date, fall and spring tillage (Shauck, 2011), soil
temperature and moisture (Nielsen, 2004), and feeding activity of wild animals (Johnson,
1986). In the Midwestern United States, because of the short frost-free period between
corn harvest and the first winter freeze, late season volunteer corn produced after corn
harvest will likely be killed by frost soon after germination, but a portion of seeds will
not germinate and will survive the winter to produce spring volunteer corn plants. Studies
conducted to assess the impact of spring volunteer corn on Bt resistance development in
corn rootworm identified spring volunteer corn as a potential source for Bt selection
(Krupke et al., 2009; Marquardt et al., 2012). However, spring volunteer corn in the
northern corn belt may have little impact on H. zea Bt resistance development since H.
zea cannot overwinter in the northern corn belt, and infestations in those states are from
the progenies of moths immigrating from the southern cotton belt or more southern
regions each summer (Rabb and Kennedy, 1979).
The southern United States typically has a long frost free period between corn
harvest and the first winter freeze. Thus, late season volunteer corn, which germinates
after harvest of the main crop, has a long growing period and may produce a portion of
the larvae that comprise the overwintering H. zea population in the southern United
States. Moreover there was a shift towards earlier corn planting dates throughout most of
the USA during the past decades (Bruns and Abbas, 2006; Kucharik, 2006) and a similar
trend was observed in the midsouth region. The median corn planting date in midsouth
region was early May during the 1970s, but currently is early April (Bruns and Abbas,
2006). This shift towards earlier planting dates has increased the potential growing period
for late season volunteer corn in the southern United States.
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Due to the segregation of Bt traits from parent plants, many but not all, volunteer
plants in a Bt field express Bt toxins. However, Bt expression in these plants can be lower
than in the parent plants since volunteer plants are typically grown in soil low in residual
nitrogen and moisture. A study conducted by Bruns and Abel (2003) on commercial Bt
corn hybrids revealed a direct correlation between nitrogen fertilization and Cry1Ab
content in whorl leaf tissue. Krupke et al. (2009) observed substantial root injury from
corn rootworm on volunteer plants that tested positive for Cry3Bb1 and suggested that
this could be due to reduced expression of Bt toxins in the volunteer plants. If the Bt
expression in the volunteer plant is high enough to kill Bt susceptible larvae, but low
enough to favor heterozygous larval survivorship, then this could favor the survival of
heterozygote and resistant individuals over susceptible individuals (Storer et al., 2001),
thereby accelerating Bt resistance evolution.
In Mississippi, Bt corn and Bt cotton are both planted extensively, and H. zea is a
major pest for both crops. Head et al. (2010) utilized the C13 to C12 ratio in wings of
adult H. zea males to identify their larval hosts and this indicated that the majority of the
moths collected by pheromone traps from mid-September through November in
Mississippi originated from plants utilizing the C4 pathway. Since they could not
correlate this proportion of moths originating from C4 plants to any crops (corn or
sorghum) or known late season wild hosts with a C4 pathway, Head et al. (2010)
suggested that the source of these moths could be late season volunteer corn. Corn is the
most preferred larval host of H. zea (Lincoln and Isely, 1947; Quaintance and Brues,
1905) and H. zea can develop on both whorl and ear stages of corn (Buntin et al., 2001).
In Mississippi, cultivated corn supports two generations of H. zea during a cropping
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season (Caprio et al., 2009), one during the whorl stages and another during ear stages. If
H. zea is able to also develop on late season volunteer corn plants, this could expose an
additional generation of H. zea to the same Bt toxins. This would represent the worst case
scenario if insects were exposed to the same toxins in similar proportions to Bt corn
planted earlier in the year (Edwards et al., 2013).
The presence of late season volunteer corn at very high densities and the
staggered germination of these plants make them potential host plants for H. zea
throughout the late summer and early fall until frost kills the plants. Adult male
pheromone trap studies conducted over a 20 year period in the Mississippi Delta reported
H. zea moth activity throughout the growing season up to winter frost (Adamczyk and
Hubbard, 2006). Moreover, volunteer corn is present concomitant with the estimated
dates of diapausing pupal production (Stadelbacher and Pfrimmer, 1972). This indicates
the possibility of late season volunteer corn as a host for the overwintering generation of
H. zea. As this generation overwinters locally, any Bt selection occurring in this final
generation has implications for the next year as well.
The role of daily temperature as a major factor regulating phenological
development of a pest is well recognized (Herbert et al., 1988). The successful pupation
of H. zea feeding on late season volunteer corn depends on the successful accumulation
of growing degree days (GDD) necessary to complete larval development before plants
and larvae are killed by frost. This could be challenging, especially towards the end of the
season, since temperatures are generally lower, making the accumulation of GDD much
slower than during summer months. A GDD-based H. zea growth assessment is needed
to determine the potential of volunteer corn as a late season host for H. zea.
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In the current study we explore the suitability of late season volunteer corn plants
for the development of last generation H. zea in Mississippi. A field survey of
commercial corn fields after the harvest of the main crop conducted during the fall
months provided the information on late season volunteer corn density and distribution.
Field plantings of non-Bt corn in various fall months and subsequent collection of H. zea
and fall armyworm, Spodoptera frugiperda (J. E. Smith), larvae at different plant growth
stages provided information on their population dynamics on late season volunteer corn
plants. A H. zea GDD calculation based on historical weather data from 1980-2010 for
four major corn growing areas of Mississippi helped to assess the probability of
accumulation of GDD required for H. zea development from egg to prepupation.
3.3
3.3.1

Materials and methods
Field survey
A preliminary survey was carried out during October 2011 to estimate the average

density of volunteer corn plants in Mississippi. A total of 41 fields where corn had been
grown earlier in the season were selected randomly across Mississippi. Four random
quadrates of 4m2 were marked in each field and the number of volunteer corn plants in
each quadrate was counted. Average growth stage of volunteer corn plants and tillage
condition of the field was also recorded. The occurrence of late season volunteer corn in
high densities revealed by the preliminary survey (Table 3.1) prompted a detailed survey
during 2012. Commercial corn fields were identified across various counties of
Mississippi during July 2012 (Fig. 3.1). Counties which had at least 5000 ha of corn
harvested for grain in 2011 were selected for the survey. The sampling intensities in each
county were based on the Mississippi Agricultural Statistical Service (MASS) estimate of
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harvested corn hectares for 2011 at a rate of one field per 5000 ha of corn harvested in a
county. From each field, two randomly selected plants were tested for the presence of
three lepidpteran active Bt endotoxins, Cry1A (Cry1Ab and Cry1A.105), Cry2A
(Cry2Ab2) and Cry1F using QuickStixTM Lateral flow test strips (EnviroLogic, Inc.,
Portland, ME). From each field, 4 subsamples of a 4 m2 area were randomly selected and
sampled once per month, beginning in September and continuing through November
2012. Density and average growth stage of volunteer corn in each subsample and field
tillage condition were recorded. Average volunteer corn density per hectare of each
survey field and average volunteer corn density in each survey month were estimated.
The percentage of fields tilled after corn harvest was calculated for each survey month.
Mean volunteer corn density of each survey month was separated using the LSD
procedure of SAS at the 0.05 significance level.
Table 3.1

Average density of volunteer corn plants, percentage of tilled fields and
mean index of dispersion (ID).

Average density ± SEM of volunteer corn plants per m2, percentage of tilled fields and
mean index of dispersion (ID) across different fields in a survey month, Mississippi
2011-2012.
a
Survey was carried out around the first week of a survey month except during October
2011 (preliminary survey).
b
Means with the same letter are not significantly different (P > 0.05; Fisher’s LSD).
c
Percentage of fields tilled at least once after corn harvest up to a survey month.
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Figure 3.1

Late season volunteer corn survey locations in Mississippi.

Late season volunteer corn survey locations in Mississippi. Black dots indicate volunteer
corn survey locations in 2012. Counties with darker borders represent counties where the
preliminary survey (2011) was carried out. Yellow shade indicates the planted corn
acreage (multi-year crop overlay) during 2011 and 2012. Locations with a star represent
the locations of weather stations from which weather data were collected for the H. zea
GDD calculations.
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To measure the spatial dispersion of late season volunteer corn in the field, an
index of dispersion (ID) (Clapham, 1936; Perry and Mead, 1979) was calculated using
the formula,
(Eq. 3.1)
where σ2 is the variance of subsamples (quadrates) in a volunteer corn field and μ is the
mean density of late season volunteer corn in a field. Fields with a zero mean density of
volunteer corn were excluded from the calculation since index of dispersion is only
defined for non-zero means. Average index of dispersion across the different fields was
calculated for each survey month. If the calculated average index of dispersion was more
than one, then the spatial distribution of volunteer corn was considered ‘clumped’ where
individuals are scattered less evenly. If the index of dispersion was less than one, then the
spatial distribution of volunteer plants were considered ‘under dispersed’ where plants
are scattered more evenly than random (Clapham, 1936).
3.3.2

Helicoverpa zea and Spodoptera frugiperda, dynamics on volunteer corn
To estimate the population dynamics of H. zea and S. frugiperda on late season

volunteer corn, field plantings of volunteer corn seeds were carried out during 2011 and
2012. F1 seed produced by crossing a non-Bt corn hybrid, DKC 67-86 (Monsanto Co. St
Louis, MO), during summer 2011 was used as planting material. Seeds were planted at
three locations: 1. Plant Science Research Farm in Starkville, MS 2. Mississippi State
University Black Belt Branch Experimental Station, Brooksville, MS and 3. Delta
Research and Experiment Center, Stoneville, MS. Three different planting dates, 15
August, 1 September, and 15 September during 2011 and 2012 were selected. An
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additional planting time of 1 August was included in 2012. Each plot consisted of four,
10m long rows with row spacing of 0.96 m in 2011 and six 10m long rows with a row
spacing of 0.96 m in 2012. Plots were seeded at a rate of 74,000 plants per ha. Seeds were
planted and plants grown with minimal management practices to simulate actual field
conditions experienced by volunteer corn plants. Destructive samples were taken at a rate
of 20 plants per plot at the V4 (4 leaves fully emerged), V10 (10 leaves fully emerged),
R1 (silking stage) and R4 (dough stage) corn growth stages (Ritchie et al., 1989), or until
plants were killed by frost. All the larvae collected from the samples were reared on a
meridic diet (Jenkins et al., 1995) for positive identification. Data collected include the
number and instar of H. zea and S. frugiperda larvae per plant.
Data on larval number collected from the field plantings of volunteer corn during
2011 and 2012 were used to estimate the mean number of H. zea (Fig.3.2A) and S.
frugiperda (Fig.3.2B) per 20 volunteer corn plants in each corn growth stage of the
different planting dates tested. Since the mean number of H. zea collected from volunteer
corn during 2011 and 2012 were significantly different (F = 5.25; df=1, 31; P = 0.029),
data from 2011 and 2012 were reported separately.
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Figure 3.2

Influence of volunteer corn planting date and growth stage on densities of
corn earworm and fall armyworm.

Influence of planting date and growth stage of volunteer corn on densities (Mean ± SEM)
of corn earworm (CEW) (A), and fall armyworm (FAW) (B) larvae across locations
(Starkville, Brooksville, and Stoneville). Planting time of August 1st was not included in
2011.
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Helicoverpa zea growing degree days (GDD) model

3.3.3

To model the development of H. zea on late season volunteer corn and to develop
a probability distribution curve showing the probability of accumulating the 242.8 GDD
(°C) required for H. zea to complete development from egg to prepupa (Hartstack et al.,
1976) before first winter frost (Tmin ≤ -2.2 °C) (Kwabiah et al., 2003), we followed the
Hartstack et al. (1976) phenology model of H. zea development. This model requires
daily maximum and minimum air temperature to calculate H. zea GDD accumulation.
Climatic data including daily maximum and minimum temperatures from 1980 to 2010
were accessed from Weathersource (2012) for the Hernando (U.S. National Weather
Service code - HERM6), Stoneville (STNM6), Starkville (SCSM6), and Jackson (JAN)
weather stations (Fig 3.1).
H. zea GDD for a selected day, location, and year was calculated using the
formula,

(Eq. 3.2)
where GDD is growing degree unit accumulation for a particular day. Tmax is the
maximum and Tmin is the minimum air temperature (°C) for that day. Tbase (H. zea) is
the lowest temperature (12.6 °C) for H. zea growth, below which metabolic rates are
almost zero with no appreciable physical growth. An upper (33.3 °C) threshold
temperature (Hartstack et al., 1976) was set for the GDD calculation. GDD accumulation
was regarded as zero if daily maximum temperature was less than 12.6°C (Tmax <
Tbase). If the daily minimum temperature (Tmin) value was less than the lower threshold
temperature (Tbase), Tmin was set at 12.6 °C and if the daily maximum temperature
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(Tmax) was higher than the upper threshold temperature, Tmax was set at 33.3 °C (Scott
et al., 1977).
The daily H. zea GDD accumulation was calculated for each year from 19802010 for 4 locations. Helicoverpa zea requires 242.8 GDD °C (437.1 °F) accumulations
to complete development from egg to prepupa (Hartstack et al. 1976). This GDD
calculation represents the developmental time on whorl stage corn. On ear stage corn, H.
zea requires approximately 65% less time to develop from neonate to a final instar larva
(Hartstack et al., 1976). The last possible date for H. zea to accumulate 242.8 GDD (°C)
before the first fall frost in a year was identified by back calculating 242.8 GDD from the
day before the first winter frost date (Tmin ≤ -2.2 °C). A percentage cumulative relative
frequency curve showing the probability of accumulating 242.8 GDD before the first
winter frost and the probability of first winter frost were prepared from the above 31
years of data.
3.4
3.4.1

Results
Field survey
Out of the 48 commercial corn fields (Fig.3.1) tested for 3 lepidopteran active Bt

proteins (Cry1A, Cry2A and Cry1F), 85% tested positive for at least one Bt protein. 42%
of fields tested positive for both Cry1A (Cry1Ab or Cry1A.105) and Cry2A (Cry2Ab2),
42% tested positive for Cry1F, and 2% tested positive for Cry1A alone. Even though
these figures do not provide a direct estimation of Bt corn acreage, it reflects the high Bt
adoption rate in Mississippi.
Average volunteer corn density was highly variable from field to field. Densities
ranged from 1-120, 0-77, 0-86, and 0-75 plants per m2 in October 2011, September,
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October, and November 2012, respectively. Mean density of volunteer plants across
fields in a month ranged from 5.6 plants per m2 in November 2012 to 14.3 plants per m2
in October 2011, which is equivalent of 56,000 to 143,000 plants per ha, respectively.
During 2012, the percentage of fields that received at least one tillage event increased
from 45.83% in the first week of September to 91.66% in the first week of November
(Table 3.1). Average index of dispersion for volunteer corn across different fields in a
month varied from 28.4 in September 2012 to 9 in October 2011 (Table 3.1).
Nevertheless this high index of dispersion indicates that plants are dispersed unevenly.
This clumped distribution may increase interplant competition for residual soil nutrients
and water, reducing Bt expression.
3.4.2

Helicoverpa zea and Spodoptera frugiperda dynamics on volunteer corn
A significant interaction between year and corn growth stage (reproductive or

vegetative) (F = 5.31; df =1, 31; P = 0.028) for H. zea larval numbers in late season
volunteer corn was observed. In 2011 and 2012, larval numbers were higher on
reproductive stages (R1 and R4) of volunteer corn than vegetative stage (V4 and V10)
(Fig. 3.2A). No significant interaction was observed between year and volunteer plant
growth stages for S. frugiperda larval numbers (F = 0; df =1, 31; P = 0.967). Larval
numbers of S. frugiperda on late season volunteer corn were not affected by year (F =
0.01; df =1, 32; P = 0.927), but plant growth stage (vegetative or reproductive) showed a
significant influence on larval number (F = 33.87; df =1, 32; P < 0.0001) (Fig. 3.2B) with
more larvae found during vegetative growth stages.
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3.4.3

Helicoverpa zea growing degree days (GDD) model
Based on the Hartstack et al. (1976) GDD model for H. zea, H. zea requires 242.8

GDD (°C) to complete larval development from a newly laid egg. Based on Fig. 3.3, for
all four locations tested, if female H. zea moths lay eggs on volunteer corn by 9
September, there is a 100% chance that resulting larvae will accumulate 242.8 GDD
before the plants are killed by frost. By 4 October the probability at all locations except
Jackson, the southernmost location selected, is reduced to 50% or less and by 25 October,
the probability of completing larval development is reduced to zero at all locations. The
frost probability curve for a particular location (Fig. 3.3) represents the probability of
having a temperature ≤ -2.2 °C (28 °F) earlier than a particular date.
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Figure 3.3

Probability of H. zea reaching prepupal stage before the first winter frost
for four Mississippi locations.

Probability (%) of accumulating 242.8 H. zea GDD (°C) before the first winter frost for
four Mississippi locations, and the probability of occurrence of first winter frost based on
climatic data from 1980-2010 for Hernando, Stoneville, Starkville and Jackson, MS.
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3.5

Discussion
The introduction of Bt corn hybrids producing toxins active against lepidopteran

pests offers a robust season-long control strategy for many highly destructive pests of
corn including H. zea and S. frugiperda. However, persistent expression of toxins
throughout plant tissue for the entire growing season presents the strongest selection
pressure to a pesticide deployed to date (Wearing and Hokkanen, 1995). Out of the 48
commercial Bt corn fields in Mississippi tested for three major lepidopteran active Bt
toxins in 2012, 85% of fields had at least one toxin (Cry1Ab/Cry1A.105, Cry2Ab2, or
Cry1F). This high level adoption of Bt corn in the southern cotton belt where Bt corn and
Bt cotton are grown side by side offers strong Bt selection pressure for H. zea (Caprio
and Suckling, 2000). Moreover, because of the polyphagous multivoltine nature of this
pest, out of 4 possible generations on cultivated crops in Mississippi, 3-4 generations of
H. zea are subject to Bt selection (Caprio et al., 2009). The presence of volunteer corn
expressing Bt toxin(s) toward the end of growing season may become an additional
source for Bt selection.
A study conducted by Gould et al. (2002) in Louisiana and Texas to determine the
natal host of H. zea moths by 13C to 12C isotopic composition of moth wings found that a
high proportion (45% to 95%) of moths collected in pheromone traps from late August to
October had C4 plants as their larval host. This occurred later than the moth production
from larvae developing on corn and sorghum, the only C4 crop hosts in the region. They
further suggested that only a very good C4 host could supply this high number of moths.
Similar studies conducted by Head et al. (2010) in southern cotton growing states,
including Mississippi, produced similar results and suggested that late season volunteer
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corn could serve as a potential host for late season H. zea moths developing from C4
hosts from mid-September up to early November. Our survey results indicated the
occurrence of late season volunteer corn in high densities, where the monthly mean
density across Mississippi ranged from 56,000 to 143,000 plants ha-1 (Table 3.1).
Comparing these observed densities of volunteer corn with normal corn planting density
of 44,400 to 74,100 plants ha-1 (Anonymous, 2013), it is obvious that the total number of
late season volunteer corn plants available for H. zea development in Mississippi is
comparable or higher than that of total corn plants during the cropping season.
Because of the variable degrees of cross and self-pollination that occur in a field
containing Bt and non-Bt refuge plants, F1 seeds from which volunteer corn originates
could be the result of one of 4 potential crosses, ♀Bt X ♂Bt, ♀Bt X ♂non-Bt, ♀non-Bt X
♂Bt and ♀non-Bt X ♂non-Bt. A portion of volunteer corn originating from these crosses,
except ♀non-Bt X ♂non-Bt, will express one or more Bt toxins. Similarly, a portion of
volunteer corn originating from all the above four crosses including ♀Bt X ♂Bt will be
non-Bt plants. Since volunteer corn plants typically grow in nutrient deficient soil,
utilizing residual soil moisture and nutrients remaining after harvest of the main crop, Bt
expression levels can be much lower than in the parent plants (Krupke et al., 2009).
Moreover, severe competition for the resources due to high plant density (Table 3.1) and
a clumped distribution of volunteer corn plants as indicated by a high index of dispersion
(Table 3.1) can further contribute to reduced Bt expression. Furthermore Bt expression
within the plants varies by growth stage (Onstad et al., 2011). The staggered germination
typically observed with volunteer corn can produce plants of different maturities within
the same field and thereby different Bt concentrations in their tissues. This mosaic of
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suboptimal toxin concentrations may accelerate Bt resistance evolution through elevated
heterozygous (individual having one resistant allele for a Bt toxin) survivorship (Storer et
al., 2003).
The presence of Bt and non Bt plants in close proximity (due to high density and
clumped distribution) can facilitate more frequent interplant movement of H. zea larvae
than in a uniformly spaced commercial field. Movement of H. zea larvae that ingest a
sublethal toxin concentration from Bt plants to nearby non-Bt plants, and movement of
less susceptible large larvae from non-Bt plants to nearby Bt plants expressing
suboptimal toxin doses may confer a fitness advantage to heterozygotes (Carroll et al.,
2012). Any fitness advantage to heterozygous individuals could lead to increased
selection for Bt resistance because heterozygotes carry most of the resistant alleles in a
population (Mallet and Porter, 1992) and the rate of Bt resistance development depends
primarily on the survival of heterozygous individuals (Roush, 1998).
Recent trends in adoption of Bt corn hybrids pyramided with multiple toxins has
delivered increased efficacy for pest control while reducing the risk of resistance
development (Shelton et al., 2002). From pyramided Bt hybrids, Bt toxins may segregate
independently in the F1 generation if genes coding for toxins are not stacked molecularly
in a single transgene locus (Que et al., 2010). Genuity SmartStaxTM (Monsanto Co. St
Louis, MO) would be a good example where the gene associated with Cry1F segregates
independently from Cry 1A.105 and Cry2Ab2, while Cry 1A.105 and Cry2Ab2 are part
of the same gene expression cassette (corn event MON 89034 and vector PV-ZMIR245)
and effectively segregate as a single gene. Volunteer corn plants produced from such a
hybrid will be a mixture of plants with respect to Bt toxins, where individual plants
68

express zero, one, two, or three toxins in variable proportions. Co-habitation of
pyramided Bt hybrids with single gene hybrids sharing similar toxins and planting of Bt
hybrids expressing two different toxins in a mosaic manner are the least efficient methods
to deploy multiple Bt toxins for delaying Bt resistance (Bates et al., 2005; Zhao et al.,
2005). The presence of volunteer corn plants expressing a single Bt toxin or multiple
toxins in the same field, coupled with suboptimal expression of toxins can compromise
the efficacy of pyramided varieties to a pest such as H. zea, since a single toxin plant
could serve as a ‘stepping stone’ for Bt resistance development in pyramided varieties
(Zhao et al., 2005). However, the presence of non-Bt plants in a volunteer corn field may
offset or reduce Bt selection pressure (Edwards et al., 2013).
In Mississippi, corn harvest usually begins the second week of August with
August 23 to September 23 being the peak harvesting period (USDA-NASS 2010). Field
surveys during the first week of September 2012 revealed the presence of volunteer corn
in 85% fields with V5 as the average plant growth stage (ranging V2-V9). Under normal
climatic conditions, corn plants require 22-29 days to reach the V5 growth stage after
seeding (Hall, 2013). This suggests, on average, corn was harvested earlier in 2012 than
the normal harvesting window. Therefore, the presence of V5 stage volunteer corn in
fields during the first week of September is more advanced than typically occurs in this
region. Combining our knowledge on H. zea larval suitability and its development on
pre-whorl and whorl stage corn (Gross et al., 1976; Gross and Young, 1977), survey data
on volunteer plant growth and H. zea dynamics on various plant growth stages (Fig.
2.2A), average corn harvesting window in Mississippi (USDA-NASS 2010), and corn
phenological development data (Hall, 2013), it is reasonable to assume that in
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Mississippi, most volunteer corn became a potential host for H. zea development only
after the second week of September.
Because air temperatures decline from September to November, H. zea GDD
accumulation is relatively slow and thus, development of larvae and the probability of
larvae surviving to pupation is highly dependent on the daily temperature and the
occurrence of the first frost. Based on the calculated probability to accumulate 242.8 H.
zea GDD, we observed a 100% probability for accumulating the required GDD for
entering the pre-pupal stage at all locations, if oviposition occurs by 9 September (Fig.
2.3). However the probability for successful pupation falls below 50% by the first week
of October at all locations except Jackson, and there was no probability for surviving to
pupation for eggs laid after 25 October at any location (Fig. 2.3). This indicates that the
window for successful development of H. zea larvae on volunteer corn is very narrow.
None of the volunteer corn fields reached ear stage by the first week of October during
2012, and only a few fields (8.3%) reached the ear stage (ranged from R1-R2) by the first
week of November, so the contribution of H. zea larvae found feeding on ear stage
volunteer corn (Fig. 2.2A) to the overwintering population is negligible. High numbers of
S. frugiperda larvae were found feeding on the vegetative stages of volunteer corn, (Fig.
2.2b) but they may not impact Bt resistance development, since S. frugiperda is not
known to exhibit diapause (Nagoshi and Meagher, 2004) to survive the winter in
Mississippi, and the existence of any reverse migration to its southern overwintering
locations has not been established (Nagoshi and Meagher, 2008).
The host plant quality can influence the larval development period (Butler, 1976),
and whorl stage corn is not an excellent larval diet for H. zea (Gross et al., 1976).
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Moreover, exposure of H. zea larvae feeding on volunteer corn to Bt toxins also could
reduce survivorship and slow the developmental rate (Storer et al., 2001). Slower larval
development during the fall months will lengthen the exposure of larvae to both biotic
and abiotic mortality factors. Given that larvae are developing in a temperature and
photoperiodic regime favorable to diapause, the majority of the larvae which manage to
enter pupation will not emerge as adults until the following spring. All the above factors,
coupled with low larval density of H. zea on whorl stage volunteer corn (Fig.2.2A), make
it unlikely that large numbers of adult moths showing C4 characteristics captured in
pheromone traps from mid-September to November are from locally produced late
season volunteer corn as hypothesized by Gould et al. (2002) and Head et al. (2010).
It has been demonstrated that soil tillage can be an effective tool in the reduction
of overwintering success of H. zea pupae (Caron et al., 1978; Roach, 1981). Because of
the high percentage of fields tilled by the end of the season (91.66%, Table 3.1), the
overwintering success of pupae that developed from volunteer corn would be low. High
late season tillage (Table 3.1), low suitability of whorl stage corn for larval development
and slow larval development during the volunteer corn season will reduce H. zea pupal
production, while tillage activity after pupation will effectively reduce the overwintering
survival of H. zea. Therefore the contribution of late season volunteer corn to the
overwintering generation of H. zea in Mississippi could be very low, limiting the
influence of late season volunteer corn as a potential source of Bt selection.
In summary, late season volunteer corn in Mississippi can be a potent source for
Bt selection in H. zea due to its high density, suboptimal Bt toxin expressions and high
spatial and temporal heterogeneity of toxins concentration across the field. However,
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under normal climatic conditions and corn harvesting schedules in Mississippi,
temperature is the most limiting factor for larval development on these plants. Theoretical
work based on H. zea GDD, field observation of low larval density in whorl stage corn,
high overwintering mortality, and many other factors discussed in this paper would limit
the contribution of volunteer corn to the overwintering generation of H. zea in this region.
.
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CHAPTER IV
IMPACT OF IRRIGATION, NITROGEN FERTILIZER AND BT PARENTAGE ON
CORN EARWORM (LEPIDOPTERA: NOCTUIDAE) GROWTH AND
DEVELOPMENT ON WHORL AND EAR STAGE
VOLUNTEER CORN

4.1

Abstract
Plant parentage and abiotic stress factors including water deficit and soil nitrogen

deficit have been identified as potential factors that could influence Bt toxin expression
and efficacy of Bt crops against targeted pests. The growing presence of volunteer corn
expressing lepidopteran active Bt toxins threatens Bt resistance management for many
lepidopteran pests including Helicoverpa zea. Volunteer plant populations resulting from
Bt corn and non-Bt refuge plants are usually a mixture of Bt and non-Bt individuals from
4 different corn crosses that can occur at variable proportions. Volunteer plants typically
grow in resource poor conditions, exposing them to common abiotic stresses including
water deficit and nutrient deficit. A series of greenhouse and field experiments were
performed to study the influence of parentage, irrigation, and nitrogen fertilizer levels on
H. zea larval growth and development on whorl and ear stage plants from the four corn
crosses that can occur in field, which later contributing to volunteer corn population. In
general, slower growth and development of H. zea larvae were observed on Bt positive
plants compared to Bt negative plants of the different corn crosses. Among Bt positive
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plants of the different corn crosses, parentage did not affect growth and development of
H. zea larvae. Moreover, under our experimental conditions, neither irrigation nor
nitrogen fertilizer applications significantly influenced H. zea larval growth parameters
on Bt positive plants. Implications of these findings for H. zea Bt resistance management
are discussed.
Keywords: Helicoverpa zea, Bacillus thuringiensis, insect resistance
management, volunteer corn
4.2

Introduction
Corn earworm, Helicoverpa zea (Boddie), (Lepidoptera: Noctuidae) is one of the

most destructive and widely distributed ear feeding lepidopteran pest of corn in the mid
south of the United States (Buntin et al. 2001). Corn hybrids containing genes from
Bacillus thuringiensis Berliner (Bt), expressing lepidopteran active Bt toxins are widely
accepted as a superior alternative to chemical insecticidal control to manage this pest.
The initial introduction of single Bt toxin corn hybrids active against lepidopteran pests
occurred in 1996, and the subsequent approval of pyramided corn hybrids in 2008 for
commercial cultivation (EPA 2010) containing multiple lepidopteran active toxins
(Onstad et al. 2011) provided growers with moderate to high control of this pest (Storer et
al. 2001, Buntin 2008, Burkness et al. 2010). A relatively high efficacy of this technology
for controlling many targeted pests and perceived economic benefits to growers (Hilbeck
and Andow 2004) has led to increased adoption of Bt corn in the United States, and Bt
corn acreage increased from 7.6% of total corn planted acreage during 1997 to 67% in
2012 (USDA-NASS 2013).
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With the increase in Bt corn acreage, the presence of Bt positive volunteer corn
plants which germinate from the kernels left in the field after corn harvest has become a
major concern for Bt resistance management of many corn pests, including H. zea
(Krupke et al. 2009, Edwards et al. 2013). Since corn is primarily a cross-pollinated crop
(Purseglove 1972), the volunteer corn produced from a commercial Bt corn crop with a
structured refuge in close proximity could be the result of one of four potential corn
crosses (♀ X ♂) ; Bt X Bt, Bt X n.Bt, n.Bt X Bt, n.Bt X n.Bt. A three year study
conducted by Shauck (2011) to measure the post-harvest loss of corn found harvesting
losses ranging from 62,000 to 986,000 kernels/ha. Depending on the prevailing climatic,
soil, and management situations, seeds left in the field after harvest can germinate and
produce a volunteer corn plant. Field surveys conducted in Mississippi to measure the
density of late season volunteer corn found volunteer corn in high densities with a
monthly mean density ranging from 56,000 to 143,000 plants per ha during the months of
September, October and November (Chapter 3).
Many volunteer plants express Bt toxins and herbicide tolerance inherited from
the parent plants (Krupke et al. 2009). Previous studies (Dong and Li 2007, Luo et al.
2008, Martins et al. 2008) on commercial Bt corn and cotton suggest that Bt expression
levels of plants can be influenced by soil nutrient and moisture levels. Studies by Bruns
and Abel (2003) revealed a direct correlation of nitrogen fertilization and Cry1Ab content
in corn whorl leaf tissue. Studies on Bollgard cotton cultivars differing in Cry1Ac toxin
concentration revealed an inverse relationship between the amount of Cry1Ac in plant
tissues and H. zea larval weight and survivorship (Adamczyk et al. 2001, Adamczyk and
Gore 2004). Similarly, Krupke et al. (2009) observed substantial root injury by corn
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rootworm on volunteer plants testing positive for Cry3Bb1 and attributed the root injury
to reduced expression of Bt toxins in the volunteer plants due to poor growing conditions.
Since volunteer plants are growing without any crop management practices such as
fertilizer applications or irrigation, it is likely that Bt positive volunteer plants will
express lower concentrations of Bt toxins in their tissue than that expresses in a wellmanaged commercial crop. Moreover, the high density and clumped distribution of
volunteer corn (Chapter 3) can further intensify the interplant competition for water,
nutrients, and other resources. This could result in a volunteer corn plant population that
is highly heterogeneous for toxin concentrations. If H. zea are able to develop on these
plants, heterogeneous suboptimal toxin doses may accelerate the development of Bt
resistance (Mallet and Porter 1992).
As a polyphagous pest feeding on many crops and wild hosts over multiple
overlapping generations in a particular year, H. zea larvae feeding on Bt crops could be
exposed to the same or similar Bt toxins for several generations in a cropping season. In
the U.S. Mid-South, Bt corn and Bt cotton are planted extensively, and H. zea larvae feed
on both of these crops. In Mississippi, at least four generations of H. zea occur on crops
during a growing season with two generations primarily developing on corn during June
and July (Jackson et al. 2008, Caprio et al. 2009). After corn matures, H. zea moves to
cotton, soybean, peanut, and other hosts for another 1-2 generations. At the end of the
growing season H. zea larval feeding on volunteer corn represents potential Bt selection
for an additional generation. Therefore, a population could potentially experience some
level of Bt selection during 4-5 generations per year.
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As previously mentioned, volunteer corn plants germinated from leftover seeds in
a commercial Bt corn field can be the result of one of the four possible crosses that took
place between parent plants (♀X ♂) (Bt X Bt, Bt X non-Bt, non-Bt X Bt, and non-Bt X
non-Bt). In cotton growing regions of the mid-south, pyramided Bt corn requires a 20%
structured refuge for lepidopteran pests (EPA 2011), so in a grower’s field planted in a
80:20 Bt to non-Bt structured refuge system, a major proportion of kernels contributing to
the volunteer corn population will have resulted from ♀Bt X ♂Bt corn crosses followed
by ♀non-Bt X ♂non-Bt crosses. Both ♀Bt X ♂non-Bt and ♀non-Bt X ♂Bt will occur
more infrequently and will be mainly limited to a few rows of Bt and non-Bt plants where
Bt and non-Bt refuge plants are adjacent to each other (Burkness and Hutchison 2012).
Depending on the number of Bt genes in the parent plant and their segregation pattern, a
portion of volunteer corn plants from all the above corn crosses except ♀non-Bt X ♂nonBt will express one or more Bt toxins. Therefore, volunteer plant populations in a
commercial field after a Bt corn crop will be a mixture of Bt positive and Bt negative
plants derived from different corn crosses. Moreover, the parentage of volunteer plants
could impact the level of Bt expression. Adamczyk and Meredith (2004) established that
Cry1Ac concentrations in Bollgard (Monsanto Co. St. Louis, MO) cotton cultivars
depended on the parental background.
To precisely estimate H. zea larval growth and development on field populations
of volunteer plants, it is critical to understand the difference in larval growth and
development of H. zea on Bt positive and Bt negative volunteer plants separately for each
cross pollination scenario. Moreover, residual soil water and nitrogen status could affect
Bt toxin expression in volunteer corn plants and thereby growth and development of H.
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zea larvae on these plants. The aim of this study is therefore to investigate the growth and
development of H. zea larvae on whorl and ear stage corn from different Bt and non-Bt
corn crosses grown under two nutrient levels and two irrigation schedules. In the
greenhouse part of the study, we investigated possible influences of paternal and maternal
parentage on growth and development of H. zea larvae on Bt positive and Bt negative
corn plants from the different corn crosses.
4.3
4.3.1

Materials and methods
Volunteer corn seed source
To study the influence of parentage on H. zea larval growth and development, the

following corn crosses were made during the summer of 2011 at the R. R. Foil Plant
Science Research Farm in Starkville, MS: ♀Bt X ♂Bt, ♀Bt X ♂non-Bt, ♀non-Bt X ♂Bt,
and ♀non-Bt X ♂non-Bt. DKC 67-88 (GenuityTM VT Triple ProTM; Bt events MON
89034 and MON 88017, Monsanto Co. St Louis, MO) was used as the Bt parent plant. This
hybrid expresses two lepidopteran active Bt toxins; Cry1A.105 and Cry2Ab2. Genes coding
for both the above toxins are the part of the same gene expression cassette (insertion event
MON 89034) at a single locus (EPA 2010), so the genes effectively segregate as a single
gene. A near isoline, DKC 67-86 RR2 (Monsanto Co. St Louis, MO), was used as the non-Bt
parent. Crosses were made by manually crossing respective parent plants. Cross-

pollinated ears were harvested when kernel moisture levels were 18-20%. Ears were hand
shelled and kernels were dried to 12-13% moisture before storing in a cold chamber
facility at a temperature around 4o C. Seeds from each of the corn crosses were harvested,
shelled, air dried, and stored separately to avoid any unintentional mixing. Seeds were
used as planting material for subsequent greenhouse and field experiments.
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4.3.2

Greenhouse planting
The greenhouse experiments were conducted during the fall of 2011 and 2012 in a

Mississippi State University greenhouse. Plants were grown under controlled temperature
(27 ± 3oC) and photoperiod (16:8 L:D). Nineteen-liter buckets filled with Pro-Mix BXTM
(Premier Tech Horticulture, Quakertown, PA.), top soil, and sand (2:2:1 by volume,
respectively) were used for growing corn plants. The planting design was a randomized
complete block with F1 progenies from the four corn crosses, Bt X Bt, Bt X non-Bt, nonBt X Bt and non-Bt X non-Bt as treatments. Each plot consisted of 5 plants and each
treatment was replicated 4 times (n=20 plants/treatment). A 50 cm spacing was provided
between pots of the same row and between rows. Two kernels were planted in each pot.
Plants were thinned to one per pot around the V8 corn growth stage (Ritchie et al. 1989).
A single set of 10-12 random plants collected while thinning was subjected to tissue
nutrient analysis to ensure that plants were growing under optimum nutrient conditions.
All the major and minor nutrients for corn growth were tested at the Plant Tissue
Analysis Laboratory, Mississippi State University Extension Service, Starkville, MS.
Nutrient testing was also carried out at the ear stage by randomly sampling entire leaves
at the primary ear node (leaves from 10-12 plants). Agronomic practices, including
irrigation and fertilizer applications, were adapted from the recommendations by
University of Kentucky (Brown 2009). Spiromesifen (Oberon 2 S) at 0.58 L/ ha was
applied once to control a twospotted spider mite (Tetranychus urticae C. L. Koch,
Arachnida: Tetranychidae) infestation at R1 growth stage during 2012. No other
pesticides were applied during any corn growth stage.
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All greenhouse plants were tested for Bt expression of Cry1A.105 and Cry2Ab2,
using QuickStixTM lateral flow test strip (EnviroLogix, Inc., Portland, ME.) around the
V9 plant growth stage. To avoid variability in H. zea larval growth and development due
to potential pollen induced toxicity, all corn plants that tested positive for lepidopteran Bt
proteins were detasselled before pollen shed by pulling the tassel from the top of the plant
while the tassels of Bt negative plants were left to provide pollen for all the plants in this
experiment .
To study the growth and development of H. zea larvae on whorl and ear stage
volunteer plants and to identify parental effects on H. zea larval development, a leaf
tissue bioassay on excised whorl tissue at the V10-V11 growth stage and an ear
infestation of H. zea neonates at the R1 growth stage were conducted.
4.3.2.1

Leaf tissue bioassay (greenhouse trials)
In December 2011 and November 2012, two whorl leaves directly above the

uppermost fully expanded leaf at the V10 - V11 corn growth stage (Ritchie et al. 1989)
were removed from all plants of each plot. Harvested leaves were placed individually in
labeled plastic bags to prevent desiccation, and transferred quickly to the laboratory.
From each leaf three 45 cm2 leaf disks, one each from the bottom, middle and top
portions of the leaf were cut using a cookie cutter (n=120 per treatment). Leaf disks were
then placed abaxial side up on a petri dish having a thin solidified layer of 2% agar
solution. Single one day old H. zea larvae reared from a laboratory colony maintained by
the USDA-ARS, Starkville, MS were placed on the leaves using a soft tip brush. After
labeling, a lid was placed over the petri dish and sealed with Parafilm (Parafilm “M”,
Bemis Co, Inc. Neenah, WI.) to prevent larval escape, microbial or fungal contamination,
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and desiccation of the leaf tissue. Petri dishes containing neonates were arranged in trays
and transferred to a rearing room. Larvae were reared at a constant temperature of 27 ±
2oC, relative humidity of 65 ± 5% and a photoperiod of 14:10 h (light-dark). Larval
mortality rate, weight and instar (determined by head capsule size) were recorded on day
7 after infestation.
Initial analysis of variance (ANOVA) using the PROC MIXED procedure of SAS
revealed a significant year X treatment interaction for larval weight (F = 5.41; df = 3, 18;
P = 0.0079), so further analyses were carried out separately for each year. When F values
for treatments were significant (P < 0.05) means were separated according to Fisher’s
protected LSD procedure at 0.05 significance (PROC MIXED procedure, SAS) (SAS
Institute 2008).
4.3.2.2

Ear infestation (greenhouse trials)
Ear infestations were carried out on greenhouse grown plants in February 2012

and January 2013. Since silking time was not uniform, ear infestations of H. zea larvae
were carried out in batches when the primary ears of 15-20 plants had appropriate silk
exertion. Plants at the R1 growth stage (Ritchie et al. 1989) with well exposed silks were
manually infested with one day old H. zea larvae at a rate of 5 larvae per ear using a fine
tip brush. Larvae were directly placed on the silks. Helicoverpa zea larvae used in ear
infestation were from the laboratory colony maintained by the USDA-ARS, Starkville,
MS. All of the infested ears were sampled 10 days after infestation and the number of
larvae per ear, weight of the larvae (mg), and instar of the larvae were recorded. Ear
damage was also rated by measuring the damaged surface area (cm2) of individual ears
using transparent plastic film marked with 1 cm2 squares.
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Except for ♀non-Bt X ♂non-Bt crosses (where 100% of resulting progenies were
Bt negative) all other corn crosses (♀Bt X ♂Bt, ♀Bt X ♂non-Bt, and ♀non-Bt X ♂Bt)
produced both Bt positive and Bt negative corn plants. Data were analyzed by Bt traits
for each cross. Means were separated using the LSD procedure (SAS 9.1) at the 0.05
significance level. Data for ear damage were log (log +0.1) transformed before analysis
to correct the normality and homogeneity of variance. Untransformed data are presented.
4.3.3

Field planting
Field trials were planted May 5, 2012 at Plant Science Research Farm, Starkville,

MS., and May 15, 2012 at the Delta Research and Experiment Center, Stoneville, MS.
Planting was delayed to ensure high levels of natural H. zea infestation during the ear
stage, which is typical for late planted corn in this region (Buntin et al. 2001). The
experimental design was a strip-split-split plot (Littell et al. 1996) with four replications
at each location. The strips consisted of two levels of irrigation: irrigated (I1) and nonirrigated (I0). Irrigation treatments constituted the main plot factor. Irrigated and nonirrigated strips were separated by two non-irrigated rows of non-Bt corn plants [1:1
mixture of DKC - 67-86 (Monsanto Co., St Louis, Mo.) and 31P40 (Pioneer Hi-Bred
International, Des Moines, IA.)], which also were used as non-Bt pollen sources for all
treatment rows. Two levels of nitrogen fertilizer: no nitrogen fertilizer (N0) and 168 kg
N/ha (N1) constituted the sub-plots. The nitrogen was applied as a single application of
UAN when plants reached the V6 growth stage. Phosphorous and potassium were applied
to the entire field during land preparation based on soil tests. Six different plant types
constituted the sub-sub-plots. Plant types included F1 progenies of four different corn
crosses: (♀X♂) Bt X Bt, Bt X non-Bt, non-Bt X Bt, non-Bt X non-Bt and 2 parental
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hybrids: parental non-Bt line (DKC 67-86), and parental Bt line (DKC 67-88). Each plot
consisted of two, 3m long rows of corn with row spacing of 0.96 m. Plots were seeded at
a planting density of 74,000 plants per hectare. Detasselling of all plants except the
designated non-Bt pollen rows was carried out before the production of any viable pollen
to avoid any possible effect of Bt pollen induced toxicity on corn kernels on the growth
and development of H. zea. Growth and development of H. zea larvae on each of these
treatment combinations were tested at two corn growth stages, at the V10 growth stage
by a leaf tissue bioassay study and at the R1 growth stage by an ear rating study.
4.3.3.1

Leaf tissue bioassay (field trials)
To get a better understanding of the growth and development of H. zea on whorl

stage volunteer corn derived from different corn crosses grown under different soil
moisture and nitrogen levels, a laboratory bioassay was conducted. Twenty four whorl
leaves (leaf immediately above the youngest fully opened leaf) per plot were collected.
Harvested leaves of each plot were placed in individual labeled plastic bags and
transported to the laboratory over ice in coolers. Leaf disks of approximately 45 cm2 size
were cut from the middle portion of the leaves with a cookie cutter. The leaf disks were
then placed abaxial side up on a petri dish (n = 2304 per location) having a thin solidified
layer of 2% agar solution. Single H. zea neonates reared from a laboratory colony
(maintained by USDA) were transferred to the leaf disks. Petri dishes were labeled and
sealed with Parafilm (Parafilm “M”, Bemis Co, Inc. Neenah, WI.). Petri dishes were
transferred to a rearing room and larvae were reared for 7 days at a constant temperature
of 27 ± 2oC, relative humidity of 65 ± 5% and a photoperiod of 14:10 h (light-dark). On
day 7, larvae were prodded with a fine tip brush and larvae showing coordinated
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movement were considered alive. Growth rate of larval H. zea was estimated by taking
observations on the weight and instar of live larvae.
A strip-split-split plot model was used to analyze the data (Littell et al. 1996). A
theoretical percentage of Bt positive and negative individuals of the parent hybrids and
the F1 progeny of crosses were calculated (Table 4.1). The inheritance of lepidopteran
active Bt traits in MON 89034 (DKC 67-88) is known to follow a Mendelian segregation
pattern (Anonymous 2009). Data on weight and instar of the live larvae and larval
survivorship were analyzed using analysis of variance (ANOVA) followed by Least
Significance Difference (LSD) analysis for multiple comparisons (PROC MIXED, SAS
9.2), (SAS Institute 2008). Data for larval weight were log (log +1) transformed before
analysis to correct the normality and homogeneity of variance. Untransformed data are
presented. The effect of location was considered random and Satterthwaite’s method for
degrees of freedom (Littell et al. 1996) approximation was followed for ANOVA
calculations.
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Table 4.1

Theoretical percentage of corn plants expressing Bt toxin(s) in volunteer
populations.

Theoretical percentage of corn plants expressing lepidopteran active Bt toxin(s) in
volunteer populations from corn crosses and in individuals of parent hybrids used in this
study.
a
Bt and non-Bt parents in corn crosses are DKC 67-88 (MON 89034 X MON 88017) and
DKC 67-86 respectively.
b
For a particular cross, theoretical percentage of F1 progenies with lepidopteran active Bt
toxins is based on Bt transgene segregation. Bt genes in Bt parent hybrids are
hemizygous and genes in MON 89034 are known to follow the Mendelian segregation
pattern (Anonymous 2009).
c
Since Cry1A.105 and Cry2Ab2 are part of same expression cassette, they effectively
segregate as a single gene (Anonymous 2009).
4.3.3.2

Ear rating (field trials)
To study the growth and development of H. zea larvae on ear stage corn plants

from different crosses and their parent hybrids growing under different levels of fertilizer
and irrigation treatments, primary ears were inspected at the R2 stage for natural H. zea
larval infestations. Destructive samples were taken at a rate of 12 random ears per plot (n
= 192 per plant type) from the Starkville trial and 8 ears per plot (n=128 per plant type)
from the Stoneville trial. All of the ears sampled from the F1 progenies of three corn
crosses; ♀Bt X ♂Bt, ♀Bt X ♂non-Bt, and ♀non-Bt X ♂Bt (where segregation of Bt
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genes from the Bt parent can produce Bt positive and Bt negative plants in the F1
progeny), were tested for the Cry2A lepidopteran active protein. We assumed that all the
individuals of the ♀non-Bt X ♂non-Bt cross, as well as, the non-Bt hybrid (DKC 67-86)
were negative for Bt toxin expression. Likewise all the individuals of the parent Bt hybrid
(DKC 67-86) were assumed to be Bt positive (Table 4.1). Data on H. zea larval number,
larval weight (mg), larval instar, and ear damage (cm2) were collected.
To measure and compare the growth and development of H. zea larvae feeding on
Bt positive and Bt negative plants from the different crosses tested, data collected for all
response variables were analyzed separately for Bt positive and negative plants. Analyses
were carried out based on a strip - split- split plot design as described above. An analysis
of variance (ANOVA) was performed by PROC MIXED procedure of SAS and followed
by Least Significance Difference (LSD) analysis for multiple comparisons (PROC
MIXED, SAS 9.2) (SAS Institute 2008). The effect of location was considered random
and Satterthwaite’s method for degree of freedom (Littell et al. 1996) approximation was
followed for ANOVA calculations.
4.4
4.4.1

Results and discussion
Leaf tissue bioassay (greenhouse study)
In both 2011 and 2012, none of the H. zea larvae fed leaf tissue of Bt positive

plants from the various corn crosses [(♀X♂) Bt X Bt, Bt X n.Bt, and n.Bt X Bt] survived
7 day after larval infestation. This suggests that Bt expression in whorl leaf tissue of
greenhouse grown Bt positive plants was a high or near high dose for H. zea larvae.
During 2011, no significant differences among corn crosses were observed for mean
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larval weight (F = 0.84; df = 3, 9; P = 0.51) or mean larval instar (F = 0.32; df = 3, 9; P =
0.81) of H. zea feeding on leaf tissue of the Bt negative plants (Fig. 4.1).
Similarly during 2012, except for ♀non-Bt X ♂non-Bt cross, no significant
differences in mean larval weight or mean larval instar of H. zea feeding on the Bt
negative plants of the different corn crosses were observed (Fig. 4.1). In general, no
paternal or maternal parent effects were found to be influencing H. zea larval growth and
development among Bt negative individuals of the corn crosses.

Figure 4.1

Helicoverpa zea larval growth on excised whorl leaf tisues of Bt negative
corn plants.

Helicoverpa zea larval growth on Bt negative plants indicated by A) mean larval instar B)
mean larval weight (mg), 7 day after infestation on excised whorl leaf tisues at V10
growth stage of volunteer corn plants resulted from different corn crosses (♀X♂),
Starkville, MS., during 2011-2012. Bars within each chart followed by the same letter are
not significantly different (P > 0.05; Fisher’s LSD).
4.4.2

Ear infestation (greenhouse study)
At day 10 after ear infestation, significantly higher mean larval number, instar,

and weight was observed for H. zea larvae feeding on ears of Bt negative plants of the
different corn crosses compared to the Bt positive plants of the corresponding crosses
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(Fig. 4.2). Similar results were observed for H. zea larval feeding damage (Fig. 4.2).
However, within the Bt positive plants, no significant differences in H. zea mean larval
number (Fig 4.2A), mean larval instar (Fig. 4.2B) or mean larval weight (Fig. 4.2C) were
observed among the different crosses at 10 days after ear infestation (larval number: F =
0.91; df = 2, 13; P = 0.43; larval instar: F = 2.06; df = 2, 13; P = 0.17; and larval weight:
F = 1.16; df = 2, 13; P = 0.34;). Also, for the Bt positive plants, no significant differences
(F = 0.83; df = 2, 13; P = 0. 46) in ear damage (Fig. 4.2D) by H. zea larvae were
observed among the corn crosses.

Figure 4.2

Helicoverpa zea larval growth on Bt positive and Bt negative corn ears.

Helicoverpa zea larval growth on Bt positive and Bt negative corn plants resulting from
different corn crosses (♀X♂) measured by A) larval number, B) larval instar, C) larval
weight and D) ear damage (cm2). Data from 2012 and 2013 were pooled together for
analysis. Bars within each chart followed by the same letter are not significantly different
(P > 0.05; Fisher’s LSD).
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Likewise, among the Bt negative plants of the different corn crosses, no
significant differences in H. zea larval number (Fig 4.2A), instar (Fig. 4.2B) or weight
(Fig. 4.2C) were observed at 10 days after ear infestation (larval number: F = 0.49; df =
3, 19; P = 0.69; larval instar: F = 1.12; df = 3, 19; P = 0.37; and larval weight: F = 0.11;
df = 3, 19; P = 0.95). Also for the Bt negative plants, no significant differences (F = 1.38;
df = 3, 20; P = 0.28) in ear damage (Fig. 4.2D) were observed among the different corn
crosses.
4.4.3

Leaf tissue bioassay (field study)
On day 7 after larval infestation, there were no significant three way (irrigation X

nitrogen X plant type) or two way interactions (irrigation X plant type, nitrogen X plant
type or irrigation X nitrogen) for all three H. zea larval growth parameters [mean larval
survivorship (Table 4.2), mean larval weight (Table 4.3), and larval instar (Table 4.4)]
tested. However, the main effect of plant type was significant for all three larval growth
parameters tested (Table 4.2, Table 4.3, and Table 4.4).
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Table 4.2

ANOVA table for larval survivorship of H. zea feeding on whorl tissue of
various plant types growing under two levels of irrigation and nitrogen
fertilizer.

Analysis (ANOVA table) examining the various factors influencing mean larval
survivorship (%) of H. zea feeding on whorl tissue of various plant types growing under
two levels of irrigation (I) and nitrogen fertilizer (N).
Table 4.3

ANOVA table for larval weight of H. zea feeding on whorl tissue of various
plant types growing under two levels of irrigation and nitrogen fertilizer.

Treatment
Location
I
N
Plant type
IXN
I X Plant type
N X Plant type
I X N X Plant type

Mean larval weight
F=33.24; df= 1, 106; P= <0.0001
F=0.09; df= 1, 3.91; P= 0.7765
F=5.20; df= 1, 10.6; P= 0.0445
F=3.29; df= 5, 103; P= 0.0084
F=1.34; df= 1, 10.6; P= 0.2722
F=0.43; df= 4, 102; P= 0.7892
F=0.21; df= 4, 102; P= 0.9337
F=0.22; df= 4, 102; P= 0.9291

Analysis (ANOVA table) examining the various factors influencing mean larval weight
(g) of H. zea feeding on whorl tissue of various plant types growing under two levels of
irrigation (I) and nitrogen fertilizer (N).
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Table 4.4

ANOVA table for larval instar of H. zea feeding on whorl tissue of various
plant types growing under two levels of irrigation and nitrogen fertilizer.

Treatment
Location
I
N
Plant type
IXN
I X Plant type
N X Plant type
I X N X Plant type

Mean larval instar
F=33.68; df= 1, 103; P= <0.0001
F=0.02; df= 1, 4.07; P= 0.9082
F=2.60; df= 1, 7.08; P= 0.1501
F=2.08; df= 5, 102; P= 0.0346
F=0.00; df= 1, 7.11; P= 0.9952
F=0.23; df= 4, 101; P= 0.9184
F=0.53; df= 4, 100; P= 0.7174
F=0.19; df= 4, 100; P= 0.9439

Analysis (ANOVA table) examining the various factors influencing mean larval instar of
H. zea feeding on whorl tissue of various plant types growing under two levels of
irrigation (I) and nitrogen fertilizer (N).
Helicoverpa zea larval survivorship was highest on plants of the ♀non-Bt X
♂non-Bt corn cross and the non-Bt parent corn (DKC 67-86) (Fig. 4.3A). Except for the
♀Bt X ♂Bt cross, no significant differences in H. zea larval weight (Fig. 4.3B) or larval
instar (Fig. 4.3C) were observed among the F1 progenies of different corn crosses (♀Bt
X ♂non-Bt, ♀non-Bt X ♂Bt, ♀non-Bt X ♂non-Bt). However larval weight and instar of
the Bt parent (DKC 67-88) corn was less, based on a single individual that survived.
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Figure 4.3

Helicoverpa zea larval growth on whorl tissue of corn plants.

Helicoverpa zea larval growth on whorl tissue of corn plants of different corn crosses
(♀X♂), a Bt parent (DKC 67-88), and a non-Bt parent (DKC 67-86) measured by A)
larval survivorship (%), B) mean larval weight (g), and C) mean larval instar. Bars within
each chart followed by the same letter are not significantly different (P > 0.05; Fisher’s
LSD).
A significant difference in mean weight of H. zea larvae was observed among
plots that received the two levels of nitrogen fertilizer (F = 7.31; df = 1, 13.1; P =
0.0180). Overall, H. zea larvae fed with leaf tisssue of plants from plots that received
nirogen fertilizer had a significantly higher larval weight (9.5% higher) than those fed
leaf tissue from plots without nitrogen fertilizer (Fig. 4.4). Previous studies suggested a
positive correlation between nitrogen fertilizer levels and leaf tissue nitrogen
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concentration in corn (Killorn and Zourarakis 1992). Higher leaf nitogen concentration is
known to enhance protein production in the plant tissue (Thomison et al. 2004), so the
higher weight of larvae fed leaf tissue from nitrogn fertilized plots could be the result of
increased protein/nutritional quality of the leaf tissue.

Figure 4.4

Helicoverpa zea larval weight on two levels of nitrogen fertilizer.

Helicoverpa zea larval weight (g) on two levels of nitrogen fertilizer, N1 - recommended
nitrogen fertilizer and N0 - no nitrogen fertilizer application. Bars followed by the same
letter are not significantly different (P > 0.05; Fisher’s LSD).
4.4.4

Ear rating (field trials)
To measure and compare the growth and development of H. zea larvae feeding on

ear stage Bt positive and Bt negative plants from different corn crosses and on their
parent plants, data collected for all response variables (larval number, larval instar, larval
weight, and ear damage rating), were analyzed separately for Bt positive and negative
plants.
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4.4.4.1

Bt positive plants
For Bt positive plants, we did not detect any significant three way (irrigation X

nitrogen X plant type) or two way interactions (irrigation X plant type, nitrogen X plant
type or irrigation X nitrogen) for the three H. zea larval growth parameters [mean larval
number (Table 4.5), larval instar (Table 4.6), and mean larval weight (Table 4.7)], and
mean ear damage rating (Table 4.8) tested. For the Bt positive plants, a significant main
effect of plant type was observed for mean larval number (Table 4.5), mean larval weight
(Table 4.7), and mean ear damage (Table 4.8). Bt positive plants from the cross ♀Bt X
♂non-Bt had significantly more larvae per ear compared to Bt positive plants from the
♀Bt X ♂Bt and ♀non-Bt X ♂Bt crosses (Fig. 4.5A). Larvae from ears of the Bt parent
hybrid (DKC 67-88) weighed significantly more than larvae from ears of the ♀Bt X ♂Bt
and ♀non-Bt X ♂Bt crosses (Fig. 4.5B). However, there were no significant differences
in weight of larvae among Bt positive plants from any of the crosses (Fig. 4.5B). Similar
results were observed for ear damage (Fig. 4.5C).
Table 4.5

ANOVA table for larval number of H. zea feeding on corn ears of various
plant types growing under two levels of irrigation and nitrogen fertilizer.

Treatment
Location
I
N
Plant type
IXN
I X Plant type
N X Plant type
I X N X Plant type
1

Mean larval number
Bt positive plants
Bt negative plants
F=79.55; df= 1, 97.1; P= <.0001
F=28.38; df= 1, 116; P=<.0001
F=1.54; df= 1, 2.77; P= 0.3097
F=1.19; df= 1, 2.67; P=0.3638
F=0.04; df= 1, 5.94; P= 0.8478
F=0.02; df= 1, 6.44; P= 0.8845
F=3.25; df= 3, 97.1; P= 0.0252
F=2.28; df= 4, 117; P= 0.0651
F=1.17; df= 1, 5.95; P= 0.3214
F=0.30; df= 1, 6.43; P= 0.6007
F=1.76; df= 3, 97.2; P= 0.1590
F=0.88; df= 4, 117; P= 0.4760
F=0.99; df= 3, 97.1; P= 0.4022
F=1.19; df= 4, 117; P= 0.3205
F=2.13; df= 3,97.2; P= 0.1019
F=1.08; df= 4, 117; P= 0.3682

Analysis (ANOVA table) examining the various factors affecting mean larval number of
H. zea feeding on corn ears of Bt positive and Bt negative plants of various plant types
growing under two levels of irrigation (I) and nitrogen fertilizer (N).
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Table 4.6

ANOVA table for larval instar of H. zea feeding on corn ears of various
plant types growing under two levels of irrigation and nitrogen fertilizer.

Treatment
Location
I
N
Plant type
IXN
I X Plant type
N X Plant type
I X N X Plant type
1

Analysis (ANOVA table) examining the various factors influencing H. zea mean larval
instar feeding on corn ears of Bt positive and Bt negative plants of various plant type
growing under two levels of irrigation (I) and nitrogen fertilizer (N).
Table 4.7

ANOVA table for larval weight of H. zea feeding on corn ears of various
plant types growing under two levels of irrigation and nitrogen fertilizer.

Treatment
Location
I
N
Plant type
IXN
I X Plant type
N X Plant type
I X N X Plant type
1

Mean larval instar
Bt positive plants
Bt negative plants
F=233.67; df= 1, 96.6; P= <.0001
F=4.94; df= 1, 124; P= 0.0280
F=0.00; df= 1, 3.52; P= 0.9783
F=0.03; df= 1, 2.77; P= 0.8775
F=0.84; df= 1, 6.17; P= 0.3900
F=0.02; df= 1, 5.93; P= 0.8993
F=2.34; df= 3, 96.70; P= 0.0780
F=3.34; df= 4, 123; P= 0.0125
F=1.52; df= 1, 6.17; P= 0.2629
F=1.03; df= 1, 5.9; P= 0.3491
F=0.95; df= 3, 96.7; P= 0.4182
F=0.46; df= 4, 123; P= 0.7614
F=0.00; df= 3, 96.6; P= 0.9997
F=1.84; df= 4, 124; P= 0.1256
F=1.09; df= 3, 96.7; P= 0.3559
F=0.55; df= 4, 124; P= 0.6962

Mean larval weight
Bt positive plants
Bt negative plants
F=95.48; df= 1, 97.1; P= <.0001
F=36.68; df= 1, 123; P= <.0001
F=0.09; df= 1, 3.45; P= 0.7763
F=0.02; df= 1, 3.56; P= 0.8932
F=0.56; df= 1, 4.88; P= 0.4898
F=4.04; df= 1, 3.9; P= 0.1165
F=4.23; df= 3, 97.1; P= 0.0074
F=5.88; df= 4, 121; P= 0.0002
F=1.14; df= 1, 4.89; P= 0.3356
F=4.37; df= 1, 3.9; P= 0.1067
F=0.12; df= 3, 97.1; P= 0.9454
F=0.79; df= 4, 121; P= 0.5355
F=1.05; df= 3, 97.1; P= 0.3753
F=1.68; df= 4, 121; P= 0.1601
F=0.27; df= 3, 97.1; P= 0.8444
F=0.73; df= 4, 121; P= 0.5737

Analysis (ANOVA table) examining the various factors affecting mean H. zea larval
weight (g) feeding on corn ears of Bt positive and Bt negative plants of various plant
types growing under two levels of irrigation (I) and nitrogen fertilizer (N).
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Table 4.8

ANOVA table for corn ear damage by H. zea larvae feeding on ears of
various corn plant types growing under two levels of irrigation and nitrogen
fertilizer.

Treatment
Location
I
N
Plant type
IXN
I X Plant type
N X Plant type
I X N X Plant type
1

Bt positive plants

Mean ear damage
Bt negative plants

F=180.52; df= 1, 96.1; P= <.0001
F=0.82; df= 1, 1.87; P= 0.4652
F=2.15; df= 1, 5.59; P= 0.1968
F=4.51; df= 3, 95.3; P= 0.0053
F=0.18; df= 1, 5.58; P= 0.6879
F=1.15; df= 3, 95.3; P= 0.3332
F=1.75; df= 3, 95.3; P= 0.1620
F=0.84; df= 3, 95.3; P= 0.4779

F=111.67; df= 1, 119; P= <.0001
F=15.72; df= 1, 1; P= 0.1573
F=0.41; df= 1, 6.49; P= 0.5447
F=1.89; df= 4, 120; P= 0.1158
F=0.78; df= 1, 6.47; P= 0.4098
F=2.95; df= 4, 121; P= 0.0228
F=1.02; df= 4, 121; P= 0.4021
F=0.66; df= 4, 121; P= 0.6222

Analysis (ANOVA table) examining the various factors affecting corn ear damage (cm2)
by H. zea larvae feeding on Bt positive and Bt negative plants of various plant type
growing under two levels of irrigation (I) and nitrogen fertilizer (N).
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Figure 4.5

Influence of plant type on H. zea larval number, weight, and feeding
damage on Bt positive plants.

Influence of plant type (3 corn crosses and Bt parent) on A) mean larval number, B)
mean larval weight (g), and C) mean ear damage (cm2) by H. zea larvae feeding on Bt
positive plants. Bars within each chart followed by the same letter are not significantly
different (P > 0.05; Fisher’s LSD).
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4.4.4.2

Bt negative plants
For Bt negative plants, no significant three way or two way interactions between

irrigation, fertilizer, and plants type were observed for H. zea mean larval number (Table
4.5), larval instar (Table 4.6), and mean larval weight (Table 4.7). However a significant
irrigation X plant type interaction (Table 4.8) was observed for mean ear damage by H.
zea larvae feeding on the Bt negative plants. Except for non-Bt parent plants (DKC 6786), no significant differences in ear damage were observed between the irrigated and
non-irrigated plots within a plant type (Fig. 4.6). Significantly higher ear damage was
observed on the irrigated non-Bt parent plants compared to the non-irrigated non-Bt
parent plants (Fig. 4.6). This higher ear damage may reflect the high responsiveness of
the non-Bt parent hybrid to irrigation. Volunteer corn plants (in this experiment
represented by F1 progenies of different corn crosses), usually exhibit less vigor than the
parent hybrids (Shauck 2011). Moreover, due to the segregation of genes, volunteer corn
exhibits higher heterogeneity in growth and development. Studies show that plants with
higher hybrid vigor or heterosis have improved water and nutrient use efficiency (Chun et
al. 2005, Araus et al. 2010). Due to this hybrid vigor, irrigated hybrids may have
developed faster, exposing the ear to H. zea larval feeding earlier than on non-irrigated
hybrid plants, thereby accumulating greater ear damage. For non-Bt plants, except for the
♀Bt X ♂Bt cross, no significant differences in larval weight (Fig. 4.7B) or larval instar
(Fig. 4.7A) were observed on ear stage volunteer plants from different corn crosses.
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Figure 4.6

Impact of two levels of irrigation on ear damage by H. zea larvae feeding
on Bt negative corn plants.

Impact of two levels of irrigation on corn ear damage (cm2) by H. zea larvae feeding on
Bt negative plants of four corn crosses (♀X♂) and non-Bt parent plants. Bars followed
by the same letter are not significantly different (P > 0.05; Fisher’s LSD).
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Figure 4.7

Mean larval instar and mean weight of H. zea feeding on Bt negative corn
plants.

Mean larval instar (A), and mean weight (g) (B) of H. zea feeding on Bt negative
volunteer plants of different corn crosses and non-Bt parent plants (DKC 67-86). Bars
within each chart followed by the same letter are not significantly different (P > 0.05;
Fisher’s LSD).
Commercial Bt corn hybrid production usually utilizes back cross breeding
techniques to transfer Bt genes from a Bt transformed donor plant to an elite line
(recipient/recurrent parent) (Hilbeck and Andow 2004). Breeding experiments carried out
by Adamczyk and Meredith (2004) on Bt cotton cultivars expressing the Cry1Ac Bt toxin
suggested that the genetic background of the parent plants (non-Bt recurrent line) can
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significantly influence Bt expression level in commercial Bt cultivars. Since volunteer
corn populations in field conditions are usually the result of different cross/self pollinated
kernels between Bt corn and non-Bt refuge plants, the parentage may significantly
influence expression in Bt positive volunteer plants. Absence of any significant
differences in H. zea larval growth and survivorship among Bt positive plants from
different corn crosses suggests the lack of any significant parental effects on H. zea larval
growth and survivorship beyond Bt toxin expression. More specifically, we didn’t detect
any significant differences in H. zea larval growth parameters (except for larval numbers
in the ear rating field experiment) among Bt positive individuals of ♀Bt X ♂non-Bt and
♀non-Bt X ♂Bt corn crosses. This further suggests a lack of a maternal or paternal
influence on Bt gene expression levels that affect the growth of H. zea. However, the
absence of parental influence on larval growth parameters of H. zea feeding on volunteer
corn plants should be interpreted carefully since the parents (DKC 67-86 & DKC 67-88)
used in this experiments were near isolines (Flanders et al. 2012), with similar genetic
backgrounds except for the Bt trait (Frank et al. 2011).
Abiotic stresses such as soil moisture and nitrogen deficiencies, which is typical
in volunteer corn growing conditions, can affect Bt efficacy against larval H. zea on Bt
positive volunteer plants (Traore et al. 2000, Bruns and Abel 2003). No significant
differences in any of the H. zea larval growth parameters were observed among Bt
positive individuals from irrigated or non-irrigated plots at either the whorl or ear stage.
One possible reason for this could be the failure to create a prolonged high water stress
on non-irrigated plots in our study sites due to the intermittent rain during the 2012
growing season. However, studies examining the impact of water deficit stress on Bt
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expression of cotton plants also produced similar results, where a moderate water deficit
failed to produce a significant reduction in Bt expression (Ranjithkumar et al. 2011) or a
significant decrease in Bt cotton efficacy against lepidopteran pests (Martins et al. 2008).
Similarly, in general no significant differences in any of the larval growth
parameters among Bt positive plants of the corn crosses were observed between nitrogenfertilized and non-fertilized plots. Killorn and Zourarakis (1992) concluded that nitrogen
concentration in leaf tissue could reflect soil nitrogen availability. From the results of
nitrogen testing carried out on leaf tissue during the leaf tissue bioassay (V10-V12stage)
and ear rating experiments (R2 stage), tissue nitrogen concentrations in both nitrogenfertilized and non-fertilized plots were within or above sufficiency levels (3.5-5% for
V10 and 3-4% for R2).
In conclusion our study suggests that H. zea larval growth on volunteer corn
plants was not significantly influenced by Bt parentage and low to moderate water or
nitrogen stress. It was hypothesized that the introduction of genes like Bt transgenes
would contribute to increased inter-plant variability in some traits, especially under
crowded conditions (Laserna et al. 2012). Our previous research indicated that plant
density of late season volunteer corn in Mississippi ranged from 56,000 to 143, 000
plants per ha and was distributed unevenly, showing high levels of plant crowding. In
contrast, this study used volunteer corn growing in more optimal densities with even
plant spacing to estimate if low to medium water and nutrient stress would impact the Bt
resistance risk posed by H. zea populations feeding on volunteer corn plants growing
under stressed conditions. It is still unknown what impact there would be on H. zea
growth and survival from more severe stresses on Bt positive and negative corn plants.
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